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ABSTRACT
CRACK FORMATION DEVELOPMENT AND
CONTROL OF CRACKS ARE AMONG THE MOST
IMPORTANT CONSIDERATIONS IN THE DESIGN
OF REINFORCED CONCRETE STRUCTURES. THE
LITERATURE SURVEY PRESENTED IN THIS
BULLETIN REVIEWS THE PRESENT STATE OF
KNOWLEDGE ON THE CAUSES AND CONTROL OF
CRACKING IN REINFORCED CONCRETE MEMBERS,
AND SUGGESTS POSSIBLE APPROACHES FOR THE
MAXIMUM UTILIZATION OF HIGH-STRENGTH
STEEL BARS IN REINFORCED CONCRETE MEM-
BERS.
THE SURVEY REVIEWS THE MECHANISMS
INVOLVED IN CRACK FORMATION DUE TO
SHRINKAGE, CORROSION, MEMBERS LOADED IN
DIRECT TENSION, AND FLEXURAL MEMBERS.
GENERAL THEORIES FOR CRACK SPACING AND
CRACK WIDTH ARE PRESENTED BOTH FOR
AXIALLY LOADED MEMBERS AND FOR FLEXURAL
MEMBERS, WITH CRITICAL COMMENTS ON EACH
THEORY. INCLUDED ARE RECOMMENDATIONS OF
VARIOUS INVESTIGATORS, CODES ON PERMIS-
SIBLE CRACK WIDTH, AND CRACK CONTROL
METHODS DEVELOPED FROM ANALYTICAL AND
EXPERIMENTAL RESEARCH.
THE SURVEY INDICATES THAT, ALTHOUGH
THE BASIC CONCEPTS OF CRACKING ARE FAIRLY
WELL UNDERSTOOD, THERE IS CONSIDERABLE
LACK OF AGREEMENT AMONG INVESTIGATORS
ON THE INFLUENCE AND SIGNIFICANCE OF
VARIOUS CRACKING PARAMETERS. NO COM-
PLETE GENERAL THEORY FOR PREDICTING CRACK
WIDTH HAS BEEN DEVELOPED, ALTHOUGH THE
THEORIES PRESENTED APPROACH THIS GOAL
IN THAT THE MAJOR FACTORS AFFECTING
CRACK SPACING AND WIDTH ARE INDICATED.
THERE IS A DEFINITE NEED FOR ADDITIONAL
RESEARCH ON ALL PHASES OF CRACKING.
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I. INTRODUCTION
A. GENERAL
Crack formation development and control
of cracks are among the most important con-
siderations in the design of reinforced con-
crete structures. It is accepted that, due to
the properties inherent in the material itself
cracks in reinforced concrete can never be ex-
pected to be eliminated completely. The basic
concepts of cracking in reinforced concrete
beams are fairly well understood, and the
influence of crack size and distribution is
generally accepted. However, the problem of
crack formation and development is a complex
one involving a great many parameters and
hence some of the conclusions regarding the
significance of these parameters are question-
able.
With the allowable use of high-strength
reinforcing bars and higher permissible steel
stresses, a great deal of research and study
on cracking has been initiated. Cracking has
become increasingly important in recent years
because of the realization that high-strength
reinforcing bars are not being utilized to
full advantage in tension. Although the use
of high-strength steel bars in reinforced con-
crete members subjected to flexural loads has
many advantages, some engineers are reluctant
to use these steels because of the possibility
that undesirable cracks will develop in the
concrete. Many current building codes do not
allow engineers to conveniently utilize the
characteristics of all high-strength reinforc-
ing steels to their full economic advantage.
Cracks of excessive width may be a source
of danger due to the possibility of corrosive
attack on the reinforcement, and may cause
leakage in hydraulic structures. Furthermore,
cracks which are visible may be objectionable
from the aesthetic point of view.
No completely satisfactory means to re-
duce cracking of concrete flexural members re-
inforced with high-strength steel has been
found. The information available on the cur-
rent state of knowledge has not been ade-
quately reviewed or correlated. The purpose
of this literature survey is to perform this
task and to determine the information which is
still needed.
B. SCOPE
The objectives of this literature survey
are these:
1. To develop an understanding of the
factors affecting the formation of
cracking, the factors affecting
the development of the crack pat-
tern, and the factors affecting
the size of cracks after the crack
pattern has developed.
2. To investigate critical crack
widths as affected by material
properties, atmospheric conditions,
bar size, bar stresses, corrosion,
and durability, and aesthetic con-
siderations.
3. To evaluate current methods of
controlling cracks and their rela-
tive effectiveness, and to suggest
possible approaches to more satis-
factory means of controlling
cracks.
C. DEFINITIONS AND ORIENTATION
1. Crack Formation
CRACK FORMATION refers to the incidence
of any narrow, irregular opening of indefinite
dimensions due to shrinkage, flexural, and di-
rect tension stresses, and internal expansion
resulting from the products of corrosion and
deleterious aggregates. The incidence of
flexural and direct tension cracking that oc-
curs at various stages is defined in relation
to the stresses in the reinforcement at the
cracked section. Crack formation in members
fabricated with structural lightweight concrete
is not considered in this report.
FIRST STAGE OF CRACKING is concerned with
those cracks produced by shrinkage, corrosive
effects, and low flexural loads in which the
measured steel stress is well below 14,000 psi.
Cracks of this type are referred to as primary
cracks.
SECOND STAGE OF CRACKING is concerned with
those cracks which are due to the difference in
extensibility between the concrete and steel,
and the bonding forces that exist between the
two. Cracks formed by this mechanism are re-
ferred to as secondary cracks. Secondary
crack formation is usually studied by examin-
ing the portion of the beam between two suc-
cessive primary cracks or by analyzing the
model of an axially loaded reinforced concrete
prism in tension. The steel stresses during
the second stage of cracking are usually
greater than 14,000 psi.
There is considerable disagreement among
the theories of secondary cracking concerning
the significance of the variables involved,
especially concerning the bond stress distri-
bution along the reinforcement between two suc-
cessive primary cracks. Hence, the major por-
tion of this paper is devoted to the analysis
of all the variables involved in secondary
cracking.
THIRD STATE OF CRACKING, also referred to
as the equilibrium stage, occurs when no
further secondary cracks can be formed, and
existing cracks continue to widen. The steel
stress is usually greater than 30,000 psi at
this stage of cracking. Apparently some
secondary micro-cracks occasionally appear at
very high steel stresses, but these will not
be discussed in this paper. The effects of
sustained and repeated loading are included in
the discussion of this stage of cracking.
2. Crack Measurements and Size
In any comprehensive study of the crack-
ing problem it is essential that crack forma-
tion and development be as accurately observed
as possible. The element of human error in
detecting cracks is perhaps the main reason
for the disagreement among investigators.
Therefore, various techniques used in the de-
tection and measurement of cracks are dis-
cussed in this report.
The width of a crack allowed in a rein-
forced concrete member is determined mostly by
the probability of corrosion of the reinforce-
ment, and partly by aesthetic considerations.
For reasons resulting from the analytical as-
pects of this problem, crack size will refer
to the maximum crack width at the reinforce-
ment.
3. Crack Control
Design criteria for crack control can be
developed after the expressions for crack
width have been established and after the
question of the permissible crack width has
been answered. The problem is essentially
that of distributing the cracks so that the
largest crack width appearing is equal to or
smaller than a calculated value. Hence,
studies of crack formation and control are
basically the same in that the aim of both is
the smallest possible crack spacing and crack
width.
The problem of controlling primary cracks
becomes a study of the devices to increase the
tensile strength and strain capacity and to
decrease the shrinkage of the concrete. Al-
though the problems of primary crack control
are important, the main concern of this report
is with the distribution of secondary cracks
which occur at higher steel stresses.
D. NOTATION
A = area of concrete surrounding each
bar = A /N
e
A = concrete area
c
A = effective concrete area subjected
e
to uniform tension
A = area of the reinforcing steel
s
b = width of the tension zone
C1,C2 = dimensionless coefficients depend-
ing on assumed bond distribution
c = distance from neutral axis to ex-
treme tension fiber of the con-
crete
d = depth from compression face of
beam to centroid of the reinforce-
ment
D = diameter of one reinforcing bar
e = ultimate extensibility of concrete
E = modulus of elasticity of concrete
c
E = modulus of elasticity of reinforc-
ing steel
E = strain of concrete
c
G = strain of reinforcing steel
s
esh = drying shrinkage strain
f' = compressive strength of the con-
c
crete
ft = tensile strength of the concrete
f = average tensile stress in concrete
tx
at distance x
f = tensile stress in the reinforce-
ment at a crack
f = tensile stress in the reinforce-
sx
ment at distance x
f = yield point stress of tension steel
sy
g = sum of bar diameters
gb = thickness of the concrete en-
countered by a line of possible
cracking passing either through
a horizontal or vertical row of
bars (Brice's theory)
h = overall depth of beam
I = moment of inertia of concrete
section only
jd = lever arm of internal forces at a
crack
j d = lever arm of internal forces at
distance x
S = length of member between re-
stricted ends
L = maximum possible crack spacing
L = measured crack spacing
mr
m = ratio of distance from extreme
compressive fiber to neutral axis
to the effective depth d
M = external bending moment
N = number of reinforcing bars
n = modular ratio E /E
P = perimeter of reinforcing bars
p = A /A
Pe = A /A
pH = hydrogen ion concentration
s = slip between concrete and steel at
a crack
s = slip per unit length between con-
x
crete and reinforcement at distance
x
T = change in temperature of member
u = maximum bond stress
m
u = bond stress at distance x from a
crack
V = shrinkage of reinforced concrete
element
V = shortening of the steel by shrink-
age of the concrete
v = V - V ; relative shrinkage of
concrete per unit length
W = maximum width of crack at the re-
inforcement
x = distance from a crack measured
along the reinforcement
Z = coefficient of thermal expansion
of the concrete
Z = coefficient of thermal expansion
of the steel
II. FIRST STAGE OF CRACKING
A. INTRODUCTION
Primary cracks are briefly discussed only
because of their influence on the general
cracking pattern of the member and on the ana-
lysis of secondary cracks. The following dis-
cussion reviews the mechanisms involved in
crack formation due to shrinkage, corrosion,
and flexure with the purpose of introducing
some ideas concerning the state of stress and
cracking pattern during the initial loading
stages.
B. SHRINKAGE CRACKING
Shrinkage of concrete is the most im-
portant cause of primary cracks in flexural
members. Shrinkage cracks greatly affect the
cracking pattern produced by the loads. Before
a reinforced concrete structure is subjected
to even dead load, primary cracks may be
present due to the effect of shrinkage of con-
crete along the reinforcing. The number of
cracks formed in this manner is limited only
by the magnitude of the shrinkage and the exis-
tence of restraints. Although the governing
factors of shrinkage are well known, shrink-
age cracks are still the most difficult to
control.
The effects of shrinkage are beneficial
from the viewpoint of increasing the bond be-
tween reinforcement and concrete. The radial
stresses set up by shrinkage around the rein-
forcement are compressive for the steel and
tensile for the concrete as shown in Figure 1.
Odman 2 0 1 ) derived formulas for predicting the
increments in the maximum average bond stress
due to the effect of shrinkage in the radial
direction. Billig 1 74 ) indicated that the
compressive stresses on the reinforcement may
be as high as 400 psi. The magnitude of these
radial stresses is a function of both the bar
diameter and steel percentage.
Shrinkage in the longitudinal direction
is the cause of cracking in reinforced con-
crete members. Even for unrestrained members
the stresses in the concrete developed as a
result of bond are sufficient to exceed the
tensile strength of the concrete. This strength
is an early age tensile strength, and is con-
siderably lower than what is normally considered
as the 28-day tensile strength. The bond
stresses distribute the shrinkage along the re-
inforcement, thereby distributing the cracks in
such a way that numerous very fine cracks are
formed instead of a few wide cracks. (3 9 )
Shrinkage cracking in a reinforced con-
crete member with fixed ends is somewhat dif-
ferent than in an unrestrained member in that
the average steel stress does not remain zero
after cracking. At the instant of cracking
the axial tension at the cracked section,
which had been resisted by the concrete, is
shifted to the reinforcement, and the reinforc-
ing is suddenly tensioned. (155)
The first shrinkage cracks appear at the
weakest section of the member, whether the
weakness is due to structural or material
character. A study of typical patterns of
cracks produced in concrete structures such as
floor slabs, walls, beams, and stairs is des-
cribed by Tsunoda. ( 15 1 ) Ohno (13 9 ) has also
studied cracks in reinforced concrete buildings
and suggested that there is a "critical crack-
ing shrinkage" of about 0.04 per cent.
(39)Thomas points out that shrinkage
stresses are considerably affected by creep of
the concrete, and that the effects of high
shrinkage may be largely counterbalanced by a
correspondingly high rate of creep. The effect
of creep essentially produces an increased ex-
tensibility of the concrete.
Thomas derived a formula for calculating
the shrinkage stresses in an imperfectly re-
strained member which is symmetrically rein-
forced. From his equation, knowing the shrink-
age, creep, and elastic properties of the con-
crete, the shrinkage stresses can be calcu-
lated by successive determinations of the in-
crease in concrete stress during an interval
of time. If the tensile strength development
is also known, a factor of safety for different
reinforced concrete members indicates the rela-
tive resistances against cracking. For com-
pletely restrained members, Thomas's equation
reduces to
Af = E (As - f Ac) (1)
c c c
where Af is the increase in stress during an
c
interval of time, As is the normal shrinkage
of the unreinforced member, f is the concrete
c
stress at the beginning of the interval of
time, and Ac is the creep per unit stress.
Tests conducted by Thomas indicated that his
theory predicts the time of appearance of the
first crack to within a few days.
In the well-known report of Watstein and
Parsons, equations relating the concrete
and steel stresses and also the crack width to
shrinkage and temperature changes are reduced
from general equations for symmetrically rein-
forced concrete prisms. For members not re-
strained by external forces the average steel
stress is zero. The equations predicting the
crack width and spacing are given by
CiDft CT- ' -
v + T(Z - Z) ( + n) (2)
up s c E p
L=- -- D
up
m
For members completely restrained, the steel
stress is given by
C2 f'
f = - E TZ
s p s s
and the equation for the average crack width
reduces to the following expression:
CiDft [ Caf tnW =-- v+ TZ ---
up c E
m' 
s
It is to be noted that Equations 2 and 5
have been slightly modified to include the re-
duction in length of the steel caused by
shrinkage of the concrete in the longitudinal
direction. An analytical solution for the de-
termination of strains in the reinforcement
due to shearing bond stresses has been re-
ported by Filon.(l) The significance of these
strains cannot be predicted without completing
numerical calculations, but the fact that
shrinkage cracks exist implies that these
strains are caused by bond stresses of at
least 400 psi.(2 0 9)
Odman reported a study of the effects
of drying on the state of stress and crack for-
mation in axially reinforced concrete prisms.
It was found that shrinkage in the longitudi-
nal direction will result in an increase of
the ratio f'/u , and hence an increase in the
t m
crack spacing and width, and that shrinkage
stresses are directly proportional to the free
shrinkage.
Yokoo considered the fundamental
case of shrinkage in a reinforced concrete
member with fixed ends. Formulas are derived
for the stresses in the concrete and steel
after cracking, along with an equation predict-
ing the maximum number of shrinkage cracks that
can occur. The maximum number of cracks is
approximated by
Number of Cracks = P (6)0.4D
From his analysis, Yokoo concluded that (a)
due to shrinkage effects, the steel in the
vicinity of cracks tends to yield in some
cases; and (b) the higher the tensile strength
of the concrete, and the smaller the percent-
age of steel, the higher the steel stress at
the cracks. In stating conclusion (a), Yokoo
was considering steels with a yield point of
about 34,000 psi. It would appear from these
studies that high tensile strength reinforce-
ment is necessary simply to withstand the
stresses transferred by shrinkage crack forma-
tion in some cases.
Thomas (84 ) is of the opinion that despite
the complexity of methods of calculating the
stresses in restrained members, experimental
results have given more reliable data on the
factors affecting shrinkage cracking. Such
data, however, are very limited, and more re-
search is necessary before this type of crack-
ing can be adequately controlled.
C. CRACKING DUE TO FLEXURE
Flexure tension cracks are as influential
as shrinkage cracks in determining the general
cracking pattern of the structure. Cracks
formed by flexure are characterized by the
fact that they are usually widely spaced, so
that the presence of one crack does not influ-
ence the formation of others. Cracking due to
flexural tension can be expected to occur
under low service loads. The weight of the
flexural member itself usually will produce
this type of primary crack.
As a bending load is gradually applied to
a member, primary cracks will appear when the
bending stress on the tensile face of the mem-
ber exceeds the flexural tensile strength of
the concrete. At the same time the cracks
that have formed due to shrinkage widen and
propagate towards the neutral axis.
If concrete were homogeneous and iso-
tropic, one would expect these cracks to form
at the section subjected to the greatest bend-
ing moment. This is seldom the case however,
due to the existence of planes of weakness at
random sections in the member. Hence, the
sections at which primary cracks form due to
bending stresses cannot be predicted.
Neglecting shrinkage stresses, the distri-
bution of the steel and concrete stresses at
an uncracked section due to bending vary
linearly in accordance with the straight-line
theory. Since the entire cross section is ef-
fective in resisting the bending moment, the
steel stress is small, being n times the stress
in the concrete. Hence, by this criterion, the
steel stress is of the order of 6,000 psi just
before cracking. The actual steel stress just
before the first crack occurs depends on the
extensibility of the concrete. Saliger (3 8 )
gives a value for the extensibility of the
outer fibers of a beam of 0.001 to 0.003
in./in. This would correspond to a steel
stress of 5700 to 7100 psi.(
1 74 )
As the external moment is increased,
primary cracks are produced when the tensile
stress in the beam exceeds the flexural
strength of the concrete. The initial cracks
affect only the outer layer of concrete and
are of the order of 0.001 inch in width. Im-
mediately the stress distributions in the re-
inforcement and the concrete adjacent to the
reinforcement assume shapes similar to those
shown in Figure 2. The stress in the concrete
decreases from a maximum value to zero as the
reinforcement sustains all the tensile forces
at the crack. As the crack propagates to the
reinforcement, some slip occurs between the
bar and the concrete on both sides of the
crack. The slipping phenomenon, which is due
to the differential elongation of concrete and
steel, extends to a section where the concrete
and steel strains are equal. Crack width is
determined by the unit extension under load of
the reinforcement in addition to the amount of
slip that occurs between two cracks.
Efsen and Krenchel (12 6 ) state that crack-
ing due to flexure starts at a steel stress
well below 14,000 psi, which indicates that
this is near the maximum value of steel stress
at a crack at which cracks form by this mecha-
nism.
D. CORROSION CRACKING
A third type of crack development which
may be included in this section on primary
crack formation is that commonly referred to
as corrosion cracking. Although there is a
great deal of literature on this subject, it
is not as complete or as conclusive as that on
shrinkage and flexural cracking. If condi-
tions are such that moisture containing dele-
terious substances such as dissolved oxygen,
sodium chloride, carbon dioxide, etc. is able
to penetrate the concrete surface, corrosion
of the reinforcement may ensue. The oxide
compounds formed by deterioration of the rein-
forcement occupy a larger volume than the
metal destroyed in the process. Consequently,
corrosion attack on the reinforcement produces
internal mechanical pressures sufficient to
perpetuate extensive cracking of the surround-
ing concrete. (6 9 , 71, 75, 112, 149, 177, 180,
189) This cracking may be severe enough to re-
sult in the eventual failure of the structure
under dead load only. In such instances, cor-
rosion occurs first as a consequence of
moisture penetration creating a corrosive en-
vironment, and cracking is a secondary effect
caused by the corrosion.
Shermer(1 12 ) reports on the failure of
precast "I" beams which supported the roof of
a lumber drying kiln at the Brunswick-Balke-
Collendar Company in Muskegan, Michigan. An
investigation of the structure indicated that
failure was due to severe corrosive attack on
the reinforcement resulting in extensive crack-
ing. The structure was built in 1945, and by
1955 reinforcing bars of 7/8 inch diameter were
reduced to 1/2 inch or less. Longitudinal
cracks extended along the entire length of the
beams, and in several cases the concrete was
spalled off, exposing the reinforcement. The
beams were exposed to a warm moist atmosphere,
and it was found that the concrete was ex-
tremely porous as a result of a low quality
mix.
A study was made of the troublesome main-
tenance problem on the San Mateo-Hayward
Bridge in California. (14 9 ) The structure is a
seven-mile reinforced concrete causeway ex-
posed to a sea-air environment. The bridge
was built in 1928-29, and seven years after
initial construction excessive spalling of the
concrete occurred. There was good reason to
believe that this was the result of an ac-
celerated corrosion attack on the reinforce-
ment.
Corrosion cracking as discussed above
differs from shrinkage cracking in that cor-
rosion cracking can be easily prevented if
proper construction methods are followed and
if high quality concrete is used. Low quality
concrete usually has a high permeability, per-
mitting corrosive substances to gain easy ac-
cess to the steel. These are factors associ-
ated with the prevention of corrosion and are
discussed at length in a separate report. (212)
III. SECOND STAGE OF CRACKING
A. INTRODUCTION
As the second stage of cracking is
reached, only a vague idea of the state of
stress, crack pattern, and crack size is
known. That primary cracks have formed at ran-
dom locations is the only fact that is definite.
Despite this lack of knowledge, it is still
possible to theoretically and experimentally
analyze the formation of secondary cracks.
This analysis has been the object of extensive
study in the past, and the results which vari-
ous investigators have found are reviewed in
this section.
The study of reinforced concrete members
with the reinforcement loaded in direct
tension is discussed in this report because
many investigators believe that this is a
satisfactory model of the tensile part of a
beam between two primary cracks. Once the
mechanics of cracking in this model are under-
stood, the problem of secondary crack for-
mation in flexural members can be analyzed
more clearly and readily.
B. AXIALLY LOADED MEMBERS
1. Historical Review
Saliger 3 8 ) has been given credit for be-
ing the first to derive an analytical solution
for calculating the crack spacing for axially
loaded reinforced concrete prisms. His basic
equation,
L = const - (7)
emphasized the advantage of using a large
number of small bars with rough surfaces. The
establishment of the dependence of crack spac-
ing on the ratio D/p proved to be of great im-
portance. This ratio appears in most of the
analytical solutions concerned with cracking
in reinforced concrete members. The signifi-
cance of the D/p parameter appeared first in
the report by Thompson and Taylor (1 2 ) in 1917
on the stresses in symmetrically reinforced
concrete members caused by volume changes.
Thomas (3 9 ) derived an analytical solution
for the stresses and crack formation in a sym-
metrically reinforced member in which both the
concrete and steel are wholly in tension. He
concluded that the crack widths depended mainly
on bar diameter, limiting bond stress, rein-
forcing percentage, steel stress, and the con-
crete strength or extensibility. Thomas
pointed out that his analysis did not include
the nonuniform concrete stress distribution
across the cross section or the change in
modular ratio with increasing concrete
stresses. The form of the equation showed
that the crack width is proportional to the
increase in maximum steel stress beyond the
extrapolated steel stress for zero crack
width. The analysis also showed that the
spacing and width of cracks are proportional
to the D/p ratio.
In 1936, Colonnetti (3 4 ) reported a theo-
retical analysis which confirmed that a large
number of small reinforcing rods is advan-
tageous for decreasing the crack spacing and
width.
Bornemann(31) was among the first to at-
tempt an explanation of the effects of rein-
forcing percentage on crack width. He stated
that the dynamic effect of the sudden transfer
of stresses to the reinforcement increases the
initial width of the crack that is found.
This effect is more pronounced in members with
a low reinforcing percentage.
The mechanism of slip resulting in crack
formation as reported by von Emperger(
4 2 )
showed that concrete adjacent to plain rein-
forcement can be displaced as much as 0.001
inch without the occurrence of separation.
In 1939, Faury 4 7 ) conducted tests on
axially loaded members reinforced with smooth
round bars. The results confirmed that crack
formation is dependent upon the reinforcement
distribution, and on the quality of the con-
crete, particularly its shrinkage.
Kuznetsov (50) in 1940 presented equations
describing the distribution of stresses in
axially loaded concrete members. Experimental
tests showed that the crack spacing and width
decreased as the bonded surface of steel and
percentage of reinforcement increased. It
was also found that a repeated application of
load caused considerable additional widening of
cracks.
In 1943, Watstein and Parsons (5 3 ) presented
test data and theoretical equations which es-
tablished the principal factors controlling
the spacing and width of cracks. These e-
quations are identical to those derived by
Kuuskoski, 7 7 ) European Committee for Concrete,
(166) Odman, 2 0 1 ) and others. Aside from the
controversies over the significance of certain
parameters in the equations, the equations of
Watstein and Parsons are accepted as valid.
The complete derivation is therefore presented
in Section III B 2.
Watstein and Seese, (56 ) in continuation
of the tests by Watstein and Parsons, studied
the effects of various deformed bars and re-
peated load applications on the width of
cracks in axially loaded members. It was found
that the bars with the greatest bonding
efficiency departed from the usual linear re-
lationship between steel stress and crack
width. This variation was apparently caused
by the formation of additional cracks up to
the yield point of the bar, and hence the in-
ability of the specimens to attain a condition
of minimum crack spacing. The effect of re-
peated loading caused an eight per cent in-
crease in crack widths when deformed bars were
used. Approximately a fifty per cent increase
was observed for plain bars. The increases
were greatest for the first few cycles, after
which the crack widths changed only by small
amounts. This behavior is in agreement with
the observations of Berry, (4) Slater, (1 6 ) and
Probst (2 4 ) on beams under usual conditions of
service.
In 1946, Bjuggren (5 7 ) reported that tests
with prestressed concrete showed that the ap-
proximately linear relation between steel
stress and crack width for axially loaded mem-
bers also applied to beams. The relations be-
tween force, elongation, and number of cracks
were also the same for both types of members,
provided the "smallest surrounding area" of
concrete is used in the equation for the beam.
Bjuggren (68 ) defined this parameter for dif-
ferent arrangements of reinforcement.
Much of the work performed concerning
cracking has been the extensive study of bond
characteristics by evaluation of pull-out test
data. These investigations will not be his-
torically reviewed, but the results of the
studies are presented in a later section. The
investigations of axially loaded members, in-
cluding studies of bond characteristics, made
prior to 1950 were summarized by Kuuskoski. (7 7 )
A similar summary of the literature was pub-
lished by the Cement and Concrete Association
in 1956.
(10 2 )
Clark(10 3 ) applied the equation of Watstein
and Parsons (5 3 ) for axially loaded members to
predict crack widths in flexural members. To
obtain agreement between the tests and the
theory it was necessary to reduce the concrete
area parameter to that portion of the concrete
immediately below the steel. Despite consider-
able scatter in the test data, reasonably good
agreement was found between the observed crack
widths and those computed from the modified
formula for axial tension members.
In 1957, Watstein and Mathey (15 4 ) reported
on tests of axially loaded members to determine
information on the crack width at the surface
of the reinforcement. The crack width was es-
timated by comparing the over-all extension of
the embedded bar with the extension of concrete
adjacent to the bar. Crack width at the surface
of a well-designed deformed bar was found to be
significantly less than the crack width measured
at the exterior surface of concrete. A compari-
son of the crack width at the reinforcement and
exterior surface after removal of the load was
not reported. It was established that the ex-
tension of concrete adjacent to a deformed bar
was a significant fraction of the total exten-
sion of the reinforcement, and that the re-
lationship between steel stress and concrete
extension was curvilinear up to 40,000 psi.
Efsen and Krenchel, 12 6 ) on the basis that
extensive variations occur even under apparently
uniform conditions, established empirical
formulas for crack spacing and width from sta-
tistical investigations of axially loaded test
specimens. Suggestions for adapting the re-
sulting equations to flexural members were
indicated.
The European Committee for Concrete
(1 6 6 )
reduced their general formula describing crack
width in flexural members to the identical
equation of Watstein and Parsons for axially
loaded members. This was accomplished by con-
sidering the flexural beam to have a very
large depth, and to consist of two flanges.
This reduction further confirmed that axial
tension members simulate the segment of the
tensile portion of a reinforced beam between
two cracks.
Odman (2 0 1 ) recently presented formulas
based on the concept of comparing the tension
elongations of bars embedded in concrete and
free bars to determine the maximum average
tensile stress and bond stress in concrete
prisms. Also examined were the effects of dry-
ing on the state of stress and crack formation.
It was found that concrete strength has no in-
fluence on crack spacing. Odman's resulting
equation for predicting crack width, based on
the above concept, is also identical with that
of Watstein and Parsons, 5 3 ) the derivation of
which is presented in the following section.
2. Analytical Solutions for Crack Spacing and
Crack Width by Watstein and Parsons
a. Behavior of axially loaded specimens
When a reinforced concrete member is
loaded gradually in tension, cracking of the
concrete will take place in one or more places
along the length of the member when the tensile
stress in the concrete exceeds the tensile
strength of the concrete. After cracking oc-
curs the tensile stress in the concrete ad-
jacent to the crack is relieved because of the
slip that takes place between the concrete and
reinforcement.
The tensile stress in the concrete be-
tween cracks is present because of bonding
action that takes place between the reinforce-
ment and concrete. The distribution and magni-
tude of the bond stress along the reinforcement
will determine the distribution of the concrete
stress between cracks along the length of the
member.
Cracking will continue to take place until
the stress in the concrete does not again ex-
ceed the tensile strength because of excessive
slip and reduction of distance between cracks.
When this condition is reached, the length be-
tween cracks will remain constant, but the
crack widths will increase as the tensile
stress in the reinforcement increases.
b. Solution for crack spacing
This analysis is based on the condition
that after a considerable amount of cracking,
the stress in the concrete does not again ex-
ceed the tensile strength. This condition is
of the greatest interest because it yields the
minimum possible crack spacing which can occur
at high steel stresses. It is to be noted
that the distance L shown in Figure 2 is the
maximum possible crack spacing, which is twice
the minimum spacing. The original analysis of
Watstein and Parsons defined L as the average
crack spacing rather than the maximum possible
crack spacing.
The following assumptions were made in
the analysis: (a) the stress in the reinforce-
ment does not exceed the proportional limit;
(b) the reinforcement must be of the same size
and shape, and continuous throughout the length
of the specimen; (c) the tensile stress in the
concrete is assumed to be uniformly distributed
across the cross section (that is, the effects
of shearing deformations on the spacing and
width of cracks are negligible); and (d) the
strains in the concrete are proportional to
the stresses.
At a distance x from a crack, the tensile
stress ftx in the concrete is equal to the
force transmitted by the bond divided by the
area of the concrete, or
x x
f = X u dx = u d
tx Ac x D x x
The stress in the reinforcement f at a dis-
sx
tance x is given by
fsx sf ND dx = f -4 u dx (9)
0 0
The tensile stress in the concrete reaches
its maximum value when x = L/2. The bond
stress is equal to zero in the early stages of
cracking for a considerable portion of the
member located between cracks. The tensile
stress in this region is constant and has its
maximum value during these stages. As crack-
ing progresses, the spacing of the cracks be-
come smaller, reaching a limiting value. The
maximum stress in the unbroken portion of the
concrete at the minimum spacing approaches the
value of the tensile strength, f', and may be
obtained from Equation 8 by substituting x =
L/2:
f  
= f u dx
ft D x
Equation 10 may be solved readily, pro-
vided the distribution of bond stress is known.
Many assumptions have been made concerning the
distribution of bond stress by various investi-
gators. These assumptions are covered in Sec-
tion III D 1.
If the bond stress at any distance x from
a crack is assumed to be a function of the
maximum bond stress u and of t = x/L, then a
m
general solution may be found for Equation 10
as follows:
u = u f(x/L) = u f(0)
thx men,
then,
L/2 L/2 1/2
fu dx = um ff( 2 ) dx = u L ff(4)d4 (11)
0 0 0
By substituting from Equation 11 into Equation
10 and solving for the length L, the general
solution obtained is
C1 f' D
-rm-
•v
where C1 is given as 1/2 0
C = 8C f df J f(4) d0
0 0
C 1 = 1
1/2
4 f f(0))dO
The general solution indicates quali-
tatively the relationship of the various
factors that contribute to the spacing of
cracks.
c. Solution for crack width
The difference between the unit elonga
tions of concrete and reinforcement is the
per unit length. The elongation of the con
crete per unit length at a distance x from
crack is the sum of the deformations result
from stress and volume changes. Equations
the width and spacing of cracks due to shri
age and temperature changes were given in S
tion II A and need simply be added to the f
lowing results to get the total relationshi
The slip per unit length due to stress
given by
s f n f txx  
-E
s
The maximum width of a crack is the su
mation of all the slips per unit length bet
two adjacent cracks, or
L/2
W = 2 f
0
s dx
x
Substituting from Equations
and integrating Equation 15, the
tion for the maximum crack width
loading is
8, 9, 12,
general so
due to axi
W = fm Cf ( + n)
where
slip
a
ing
for
nk-
ec-
ol-
Watstein and Parsons found that the widths
of cracks are proportional to the steel stress
at a cracked section above the steel stress at
zero width of crack. The reinforcing steel
stress at cracks of zero width can be found
from Equation 16 by equating the width of
crack to zero and solving the expression for
f . If this is done, the following expression
is obtained:
f = C2af (1 + n) (16a)
w = 0 o
By substituting n ft = e Es in the above
expression,
f
-C2f(t + E e)
p s
(16b)
It should be noted that Equation 16b does
P.
is not indicate the steel stress at which first
cracking of the concrete starts, but only an
extrapolated value. A crack will have a defi-
(14) nite width when cracking commences, especially
with low percentages of steel. The signifi-
cance of Equations 16a and 16b is that they
can be used to experimentally evaluate the
ween constant Ca with reasonable accuracy. This
technique is discussed further in Sections III
E 1 and V C.
(15) 3. Comments on the Theory
The following comments can be made, based
on the above analysis, concerning the various
14, quantities that affect the crack spacing and
lu- width:
al If the percentage of reinforcement is
kept constant, but the diameter of the rein-
forcement is varied, the spacing and width of
(16) cracks can be varied. If the diameter of the
reinforcement is decreased, which in effect in-
creases the surface area, the spacing and width
of cracks are decreased. A decrease in spac-
ing of cracks will increase the number of
cracks in a member, but the crack widths will
be much smaller.
If the diameter of the reinforcement is
kept constant but the percentage of steel is
varied, an increase in the percentage of rein-
forcement will decrease the spacing and width
of cracks.
It has been verified experimentally
(53
'
191)that the crack spacing and width is not ap-
preciably affected by concrete strength. This
characteristic has been explained by the fact
that the terms in the ratio f' t/u are both
related to the concrete strength in such a way
that this ratio is approximately equal to one.
The crack spacing is thus seen to depend mostly
on the bond properties of the reinforcement,
and the ratio D/p.
If reinforcement is used which is capable
of carrying higher bond stress, the spacing
and width of cracks are reduced. If the rein-
forcement yields in tension, the width of
cracks will be much greater than indicated by
the equations. The value of the steel stress
used in the equations must not exceed the yield
strength of the material as defined by the ap-
plicable codes and specifications.
It is interesting to note that the rein-
forcing steel stress at zero width of crack
appears to be due partly to the concrete
tensile strength and partly to the extensi-
bility of the concrete. It appears from the
general expression that for low percentages of
steel the extensibility of the concrete governs.
Although the steel stress at zero width of
crack is not the actual stress at beginning of
cracking, the general expressions indicate the
factors which contribute to first cracking.
Although the analysis by Watstein and
Parsons indicates the major factors affecting
crack spacing and width, it is limited in ex-
actness by the assumptions that were made.
The assumption that shearing deformation can
be neglected, so that the tensile stress in
the concrete is uniformly distributed across
the cross-section, is one source of consider-
able error. As shown by Reis and Boresi, (209)
the tensile stress in the concrete of an
axially loaded member is greatest next to the
reinforcement and rapidly decreases with the
distance from the reinforcement, as shown in
Figure 3. The tensile stresses also decrease
with the distance from the mid-section between
cracks. The experimental discovery of com-
pressive strains at sections midway between
cracks is a further indication of how poor the
assumption of uniform tension in the concrete
actually is. Watstein and Parsons noted their
discrepancy and stated that it could be ac-
counted for by reducing A or increasing p in
their equations.
Another source of possible error in Equa-
tion 16 is the evaluation of the modular ratio
n. The reason for this error is that the
strains in the concrete are not proportional
to the stresses as was assumed. Watstein and
Parsons suggest that this error is minimized
by selecting a value of n corresponding to the
average stress at the point of half the crack
spacing. The value n also varies with concrete
strength and the modulus of elasticity of con-
crete. If a high value of n is selected, the
effects of creep can be included in the general
expressions.
Further refinements which should be made
in the theory are considerations of the state
of stress in the prism prior to application of
load. In particular, a study of the initial
stress distributions caused by shrinkage in
the longitudinal direction appears necessary
to arrive at an equation which will yield good
results for all types of cements and curing
conditions. Such considerations are of special
importance for correlation with test data,
since the embedded reinforcement is initially
in compression, causing a decrease in values
of the actual steel stress.
C. FLEXURAL MEMBERS
1. Historical Review
Since the early investigations of
Considere, (3 ) Wayss and Freytag, (1 7 ) Kleinlogel,
(2) and Graf, 15) concerning the effects of re-
inforcement on the strain capacity of concrete,
there have been extensive studies on cracking
in reinforced concrete flexural members.
Considere was the first to establish that the
crack spacing in beams increased with the
diameter of the reinforcement. This finding
was confirmed by the tests of Bach and Graf
which also showed that crack width decreased
with an increase in roughness of the rein-
forcement, and was approximately proportional
to the crack spacing. Graf concluded from a
review of previous tests on reinforced con-
crete beams that crack development can be
limited to numerous fine cracks by proper ar-
rangement of the reinforcement. Berry(4)"
established test data which indicated that
repetitions of load caused an increase in
crack width, especially during the first few
repetitions. This conclusion was confirmed by
the investigations of Slater, Smith, and
Mueller (
16 ) and Probst.
(24 )
In 1935, Westergaard (28 ) developed a
method from elasticity theory for calculating
the stresses, deformations, crack widths, and
curvature in the vicinity of an individual
crack. The equations suggested the relative
advantage of the utilization of smaller rein-
forcing bars.
Several investigations on the use of high
tensile strength reinforcement and methods of
reducing crack formation were published by the
International Congress for Bridge and Structural
Engineering in 1936. Saliger 38 ) presented
data on the steel stress when the first crack
appeared in beams, and developed an equation
for predicting the crack spacing which also
indicated the advantage of a large number of
small bars with rough surfaces as reinforce-
ment. Bornemann confirmed this theory of
crack control, and also stressed the use of
concrete with small shrinkage and slow curing
conditions.
Thomas(39) presented equations for the
average crack spacing and width which were in
good agreement with test data. His equations
were identical to those of Watstein and
(53)Parsons for an assumed parabolic bond
stress distribution. It was suggested that
these equations could be adapted to flexural
members by defining an equivalent reinforcing
percentage
.e lpP
e = 1-k
where k is the ratio of the depth of the
neutral axis to the effective depth of the
beam. It was also noted from these tests that
the relationship between steel stress and
crack width was not entirely linear as shown
in Figure 4, and that crack width decreased
with an increase in steel percentage. The
non-linear relationship of crack width and
steel stress was due to the low tensile
strength of the reinforcement. Thomas also re-
ported on the effects of load removal and sus-
tained loading on crack widths. These effects
are discussed in Section IV.
In 1937, von Emperger (4 2 ) attempted the
establishment of the allowable crack width as
an indication of permissible steel stresses.
A review of previous cracking studies and cor-
rosion tests on cracked structures indicated
that it is necessary to set limits on crack
widths, but steel stresses greater than 25,000
psi are permissible under certain conditions
as allowed by the 1936 Austrian specifications.
A considerable amount of experimental
work was done after 1937 to determine the
significance of the various cracking parameters,
especially those concerned with the bond charac-
teristics of various bar types. Further at-
tempts were made to establish permissible crack
widths for various corrosive conditions. Rather
than describing the contributions made by par-
ticular individuals on these subjects, the sum
of these results are listed in section VI A.
Extension of the general theory of crack
formation in reinforced concrete sections sub-
jected to bending was presented by Brice(
8 6
)
in 1951. By experimentally determining the
stress distribution along the reinforcement,
it was found that the deformations of the re-
inforcement were not proportional to those of
the concrete. This information helped to
clarify questions on the elongation of concrete
and the relation of crack width to bond.
Clark (103) conducted an extensive series
of tests on reinforced concrete flexural mem-
bers in which the reinforcement size and per-
centage, and the depth of the specimens were
varied. The general behavior of all specimens
tested by Clark is shown in Figures 5, 6, and
7. From an analysis of the data it was sug-
gested that the following expression be used
for predicting the crack width:
W = 2.27 x 10- 8 (h-d) f - 56.6 (1 + n) (19)
Aside from the factor (h-d)/d, which has the
effect of reducing the concrete area in the
beam, Equation 19 is identical with that of
Watstein and Parsons.
Clark also conducted supplementary tests on
flexural members which indicated that at sections
midway between adjacent cracks strain on the ten-
sion side of a beam becomes a compressive strain
following the formation of cracks. This dis-
covery was not accepted until it was confirmed
by the tests of Watstein and Mathey (1 73 ) (in
which a similar phenomenon was observed at the
midpoint of the surfaces of axially loaded mem-
bers) and other investigators reporting at the
RILEM* Symposium on Bond and Crack Formation.
A summary of the knowledge prior to 1957
concerning various aspects of cracking was pre-
sented by the RILEM Symposium. The papers that
reported on the theories of bond and crack forma-
tion indicated considerable disagreement on how
the crack spacing and width should be determined.
Therefore only the general contributions, rather
than complete theories, of various investigators
are summarized in the following paragraphs. The
various assumed bond distributions and resulting
equations for crack width and spacing presented
at the symposium are shown along with others in
Table 1. Rusch ( 14 5 ) presented frequency curves
comparing various theories on crack spacing pre-
sented at the symposium with selected test re-
sults as shown in Figure 8.
Brice 12 1 ) presented equations for predict-
ing crack spacing and width on the assumption
that the bond distribution is primarily due to
friction, and can be represented as a constant.
An analysis of the appearance of cracks as in-
fluenced by bar arrangement, and an equation
for determining the maximum reinforcement stress
as a function of the maximum crack width were
also derived.
Jonsson, Wastlund, and Ostermann (1 34 ) de-
veloped formulas for computing the maximum
crack spacing and width from flexural considera-
tions rather than by using the usual model of
the axially loaded member. The equations are
valid only for steel stresses ranging from
14,000 to 28,000 psi. The computed values of
maximum crack width were, in most cases, greater
than those values observed in laboratory test
beams and existing bridges. It was pointed out
that a crack tends to close somewhat when the
load is removed. Some investigators have in-
terpreted this phenomenon to mean that larger
steel stresses can thus be allowed since the
maximum crack width is rarely present under
* The International Union of Testing and Re-
search Laboratories for Materials and Struc-
tures, Paris, France.
the design load.
Odman(138) derived a formula for the
calculation of crack width on the assumption
that the bond stress decreases from a maximum
value by an amount that is proportional to the
difference between lateral contraction of the
bar and that of the concrete. Odman pointed
out that the theory presupposes slipping and
is therefore applicable only at high steel
stresses. Comparison of the observed and cal-
culated values of crack width showed that the
equation produced values which were similar to
observed values, but slightly smaller in magni-
tude.
Rusch and Rehm (14 5 ) based their investi-
gations of the relations for crack width on
test results. It was noted that the coef-
ficient accounting for the effective area of
concrete in tension varied considerably. It
was suggested that the reason for this vari-
ation was that the concrete must slip over the
steel during the transmission of the bond force.
Rehm suggested a relation for the bond distri-
bution as a function of the relative slip.
Also, an attempt to correlate the various
cracking theories was made. These investiga-
tions have indicated that the crack spacing
provides no absolute indication of crack width.
It is concluded that average crack widths are
of greater theoretical interest, since a par-
ticular crack oftentimes is greater than the
sum of the corresponding steel strains.
Borges and Lima(1 19 ) also developed an
equation for calculating crack widths on the
basis of test results on beams reinforced with
high tensile steel. They found that for small
percentages of steel, the crack width is in-
fluenced almost exclusively by the diameter of
the bars.
Expressions for the deformation of rein-
forced concrete beams in the cracked condition
were derived by Baker, Ashdown, and Wildt(1
1 6 )
on the assumption that the strain distribution
is linear to the point of failure. A factor
allowing for the influence of bond conditions
on the position of the neutral axis was pro-
posed. The results of beam tests showed that
crack widths are proportional to steel stresses
up to the point of significant deviation from
a linearly elastic relationship.
In 1958 Chi and Kirstein ( 15 9 ) presented
equations for crack spacing and width by de-
fining the effective area of concrete as a
circular area around the reinforcement of a
diameter equal to four times the bar diameter.
Chi and Kirstein indicated how to correct for
this factor for closely spaced reinforcement
and small concrete cover. Although this con-
cept of the effective area is more accurate
than most, it has been shown(2 0 9 ) that the ef-
fective area is not in a direct proportion to
bar diameter. As pointed out by Rusch and
Rehm, 15 6 ) the effective area is also a
function of crack spacing, bond stress of the
bars, bond distribution, and material proper-
ties of the concrete.
Watstein and Mathey( 17 7 ) performed a
series of flexural beam tests to determine the
effect of the magnitude of steel stresses and
nature of the stress-strain characteristics of
different bar types on various cracking de-
formations. They obtained relationships be-
tween the computed steel stresses and the
center deflections, width and spacing of
cracks, and strains in the steel and concrete.
As recently as 1962 Hognestad (19 1) per-
formed flexural tests with high-strength rein-
forcement to determine the significance of
certain design factors that could be used to
control cracking. It was noted that + 50 per
cent scatter in experimental data concerning
crack spacing and width is entirely normal due
to the mechanics of crack formation. The test
results confirmed the hypothesis of Rusch and
Rehm (145) that crack width is not proportional
to crack spacing. Also confirmed were the ex-
istence of compressive strains on the tensile
portion of the beam after initial cracking had
occurred. Hognestad is of the opinion that
the nature of these compressive strains must
be clarified, since the basic concepts of most
cracking theories assume uniform concrete ten-
sion between cracks. Graphs of measurements
that various investigators have taken of the
compressive strains are shown in Figure 9.
The most significant result of Hognestad's
tests was that he found no apparent continuity
in the behavior of American deformed bars and
plain bars, in the sense that cracking in flex-
ural members reinforced with American deformed
bars were found to be less dependent on bar
diameter and effective concrete area than for
smooth bars. It was also found that no clear
relationship between crack width and reinforce-
ment percentage or cross section dimensions
could be stated. However, agreement was found
with previous tests concerning the proportion-
ality of both maximum and average crack width
with steel stress and the effects of concrete
cover on bottom crack widths. It was con-
cluded that for maximum crack control the re-
inforcement should be efficiently distributed
in such a way that the centroid of the rein-
forcement coincides with that of the effective
area of concrete surrounding the bars.
Theoretical and experimental results by
Romualdi and Batson 2 1 0 ) further support the
crack control advantages of distributing the
reinforcement so that, for a given reinforce-
ment percentage, the reinforcement would be
closely spaced as possible. It was found that
the tensile cracking strength of concrete in-
creased in proportion to the inverse square
root of the reinforcement spacing. It was sug-
gested that members fabricated with closely
spaced wire reinforced concrete could be ex-
pected to offer high fatigue and impact resis-
tance. Their studies were based on the con-
cepts of fracture mechanics, and they use short
small-diameter wire fibers for reinforcement.
Kaar and Mattock 20 7) conducted tests on
flexural members reinforced with high-strength
deformed bars with the purpose of establishing
design criteria for crack control. An analysis
of the data resulted in a simple empirical
equation indicating that crack width is es-
sentially proportional to steel stress and,
for a given steel stress, proportional to
f\D/ *4Pe, defined as the area of concrete sur-
rounding each bar. The empirical relation was
found to be
W = 0.115 TA fs x 10 - 6 (20)
Maximum values for the parameter were sug-
gested for various steel stresses and environ-
ments on the basis that the reinforcement be
appropriately distributed over the effective
concrete area.
The equation of Kaar and Mattock appears
to be the most adequate for design purposes
at the present time. It applies to steel
stresses up to 70,000 psi and yields test re-
sults within_ 40 per cent of the line repre-
senting the equation. Despite the semi-empiri-
cal derivation of the equation, the fact that
good results are obtained from the nonlinear
relationship between crack width and D/p sug-
gests refinements that can be made in the
theory of crack formation. In particular, con-
siderations of the actual concrete stress dis-
tribution, coupled with certain bits of
knowledge established previously, could well
lead to a theoretical equation correctly re-
lating all of the cracking parameters.
The European Committee for Concrete, CEB,
noted that most of the theories on cracking
were based on the same concepts, differing es-
sentially in the assumptions on bond and ef-
fective concrete area. The CEB therefore de-
veloped a general theory for flexural cracking
from which the other theories could be deduced
by including the various assumptions. (16 6 ) A
simplified equation for maximum crack width,
which neglects certain parameters, was proposed.
Hognestad 2 0 0 ) has shown that the simplified
formula is not adequate for predicting the
crack widths in beams reinforced with modern
American deformed bars. A later bulletin
(16 7 )
by the CEB modified the proposed simplified
formula by changing the significance of the
effective concrete area. The adequacy of the
more recent equation has also been questioned.
(207)
It is obvious that simplified equations
cannot possibly account for all the parameters
affecting cracking in flexural members. The
many different cracking formulas that have been
proposed in the past are not applicable to
beams that are "different" from those con-
sidered by each particular investigator. Al-
though simplified and specialized equations
are needed for design purposes, they tend to
confuse, rather than extend, the knowledge re-
quired to fully understand the problems of
cracking. At the present time it appears that
the most complete theory for cracking in flex-
ural members is the general theory derived by
the CEB. This theory is therefore presented
in the following section.
2. Analytical Solution for Crack Spacing and
Crack Width by the European Committee for
Concrete
a. Behavior of flexural members
During the second stage of cracking (for
steel stresses uaually greater than 14,000 psi)
the presence of existing primary cracks affects
the formation of secondary cracks under in-
creasing moment. Away from a primary crack,
stresses are transferred by bond from the re-
inforcement to the concrete. If enough force
is transferred from the steel to the concrete
the strains that are developed may exceed the
strain capacity or the tensile strength of the
concrete at a certain section and another
crack will form at the reinforcement. Theoreti-
cally the section at which secondary crack
formation occurs is midway between existing
cracks. This mechanism continues until the
tensile forces from the bond transfer are in-
sufficient to produce additional cracks.
The crack spacing is thus reduced to a
minimum value, L min, which usually occurs at
steel stresses around 30,000 psi.
If the distance between two adjacent
cracks as shown in Figure 10 is more than
2L in, an additional crack will form and the
final spacing in this portion of the member
will be about L min. If, on the other hand,
the spacing is initially slightly less than
2L . , no additional cracks will form. Thus
the crack spacing can be expected to vary be-
tween L . and 2L . under normal conditions.
min min
Under these conditions the average crack spac-
ing will have the following theoretical values:
L = 1.5L . = 0.75L
ave min
b. Solution for crack spacing
This analysis is based on the condition
that the stress in the concrete midway between
two existing cracks attains, but does not ex-
ceed, a value very close to its tensile strength.
Therefore, the distance L which separates the
two cracks shown in Figure 10 will represent
the maximum possible crack spacing.
The following assumptions were made in the
analysis: (a) the stress in the reinforcement
does not exceed the proportonal limit; (b) the
reinforcement is continuous throughout the length
of the cracked portion, and all bars are of the
same size and shape; (c) the strains in the con-
crete are proportional to the stresses; (d) the
bending moment is constant over the cracked por-
tion; and (e) the position of the neutral axis re-
mains the same over the distance L.
As in the case for axially loaded members,
at a distance x from a crack the tensile stress
f in the steel is expressed by
sx x
f = fs - A- ux dx (21)
sx s A J x
s 0
At a cracked section, the resistive bending
moment is
M = A f jd (22)
s s
and at an arbitrary section at distance x from
a crack
f I
M = A f j d + sx-- (23)
s sx x c
In view of the considerable variation in ex-
perimental results, it is assumed that j = j.
x
For M = constant, Equations 22 and 23 are
equated to obtain the following expression for
the stress in the concrete:
x 
= ND cid f u dx (24)
0
Since L is the maximum distance between two
cracks, the stress at which fracture occurs in
the concrete will be attained at x = L/2. If
the bond stress at any distance x is again as-
sumed to be a function of the maximum bond
stress u and of P = x/L, Equation 24, inte-
grated between limits zero and x = L/2, may be
written as
I D f'
L = C1  t (25)c A jd u
s m
where C, will depend on the assumption made
with regard to u and is defined by Equation
13 in the analysis of axially loaded members.
c. Solution for crack width
This analysis neglects the initial strains
in the steel caused by shrinkage of concrete in
the longitudinal direction. The steel strains
at section x produced by external forces and
variation in temperature are expressed by
f
sx = E- + ZsT (26)
s
and the strains in concrete due to the same
parameters plus shrinkage effects are given by
f
-= E c + Z T - V (27)
ex E c c
c
The slip per unit length that occurs between
the concrete and steel is represented by the
difference in strain between the two materials:
f - nf
S= sx E + + T(Z - Z (28)
s
The maximum crack width will be repre-
sented by the summation of the slips per unit
length over the maximum distance L between the
two existing cracks. Substituting Equations
21, 24, and 25 with u = u f(4() and P/A = 4/D
into Equation 28 and integrating yields
C1 ID ft' Fs C2 f 'W  t _ + n)
c A jdu Es E c As jd
5 m I s A
+ Vc + T(Zs - Zcc s c
where C2 is given by Equation 17.
Neglecting the effects of temperature,
shrinkage, and elastic strain of concrete
Equation 29 may be written as follows:
Ca I f'
S= f -- t
E s c A jd
Since the effects of the neglected parameters
on cracking are either obvious or have already
been discussed, Equation 30 will be used for
discussion purposes in the following section.
3. Comments on the Theory
The comments that were made concerning
the various quantities that affect crack spac-
ing and width for axially loaded members also
apply to flexural members. On the basis of
Equations 25 and 30 the following additional
comments can be made.
The relationships for crack spacing in
axially loaded members and flexural members
are the same except for the sectional proper-
ties appearing in each equation. If the ef-
fective reinforcement percentage is used in
Equation 12, it is seen that Equation 12 be-
comes identical to Equation 25 if
e c jd (31
where A is the effective concrete area in uni-
e
form tension. It appears that Equation 31
should therefore be used if simplified equa-
tions based on the axially loaded model are
applied to flexural members. It seems that
the most popular method of estimating A at
the present time is to represent it as the area
of concrete surrounding the reinforcement and
having the same centroid as the reinforcement.
This idea was first presented by Bjuggren.(68)
The expression of this theory for a rectangu-
lar cross section with symmetrically placed
reinforcement is
A = 2(h - d)b (32)
The probable reason that Equation 32 is used
in preference to Equation 31 is the difficulty
of estimating the parameters c and jd. Al-
though Bjuggren's concept is probably adequate
for rectangular cross sections, it appears that
this theory would not be true for T-sections.
Since the position of the neutral axis de-
termines the values of c and jd, it is important
to first determine the factors influencing the
movement of the neutral axis.
Billig ( 174 ) indicated that the position of
the neutral axis depends on the elastic deforma-
tions and strengths of the concrete and steel,
expressed by pf /f' = am, where a is the full-
ness coefficient of the compressive stress-
strain curve of concrete. Accordingly, under
increasing loads, the neutral axis may move
first towards the compression edge, and then
as the beam is approaching failure, move away
again in the opposite direction. Figure 11,
taken from Billig's book, (1 74) illustrates the
influence of the movement of the neutral axis.
From these illustrations Billig has noted that
for high-strength steel in the plastic range
the position of the neutral axis depends mostly
on the value of pf s/f. Hence, when the rein-
sy c
forcement is of high tensile strength, the com-
pression zone will expand in beams of medium-
and low-strength concrete. For T-beams, the
thickness of the slab and width of the stem
also influence the movement of the neutral
axis under increasing loads.
Baker, Ashdown, and Wildt(1 16 ) pointed out
that the position of the neutral axis is also
influenced by conditions of bond.
In view of this information it appears
that the assumption j = j made in the above
analysis is not justified. If knowledge about
cracking is to be extended, such considerations
cannot be neglected.
D. DISTRIBUTION OF BOND STRESSES
1. Assumptions Concerning Bond Characteristics
The equations presented in Sections III B 2
and III C 2 left the terms accounting for the
bond stress distribution along the reinforcement
in a general integral form which is represented
by the constants C1 and C2 . The reason for
these constants is that, although the theory is
in general agreement, there are many assumptions
made concerning the bond distribution between
cracks.
Figure 12 illustrates some of the assumed
bond distributions of various investigators
along with the resulting steel and concrete
stresses and values of C1 and C2 . These as-
sumptions, of course, apply to beams as well
as axially loaded members. Bishara 13 8 ) found
that the bond distribution along a steel bar
under gradually increased tension loads varied
as shown in Figure 13. It is not possible to
state which assumption is most realistic.
Some investigators believe that the uniform
distribution of Brice (121 ) is sufficient in
view of the other assumptions that have been
made in the crack theory. However, due to the
range of values for C1 and C2 depending on the
assumed distribution, the assumed uniform dis-
tribution is obviously not correct.
The assumptions concerning the maximum
value of the bond stress u are also subject tom
considerable differences of opinion. Several
investigators have attempted to express u in
terms of material and geometrical properties
of test specimens. Jonsson, Wastlund, and
Osterman (1 34 ) referred to the investigations of
von Emperger (4 1 ) and Graf and Bach 1 5 ) and ar-
rived at the following expression for u :
u = K W
Um t D (33)
The coefficient KI is determined experimentally,
and has the value 0.13 for smooth bars and 0.10
for deformed bars.
Brice has proposed the semi-empirical
formula for u
m
2k f
u - (34)
m I + 3 ga/g b
The coefficient k, the bond coefficient of the
reinforcement, is unity for smooth bars, 1.6
for indented and twisted bars, and as high as
2.0 for specially deformed bars. These values
have also been determined experimentally.
2. Results of Tests to Determine Bond Charac-
teristics
There is some question as to the value of
certain tests used to determine the magnitude
of u . In particular, the so-called "pull-out
test" from which a great deal of data has been
taken has been shown to have definite disad-
vantages. The value of the average bond stress
determined from the pull-out test is a function
of the dimensions of the prism, rendering a
comparison of various results impossible. Also,
the pull-out test is designed so that the con-
crete surrounding the reinforcement is in com-
pression, which is not the case in axially
loaded and flexural members. Further, it is
possible that the value of u determined from
pull-out tests will not be attained in an ac-
tual member before a crack is formed. Watstein
and Parsons (5 3 ) found that no correlation could
be made between their pull-out tests and the
bond constants appearing in their equations.
A great number of comparative tests mea-
suring the bond characteristics of different
types of deformed reinforcing bars have been
conducted. A good description of the various
types of tests that have been used for compari-
son purposes was provided by Plowman.(1
4 1 )
Watstein and Seese 5 6 ) measured the bond-
ing efficiency of various types of deformed
bars by embedded-bar tension tests. It was
found that the width and spacing of cracks de-
creased with increasing bearing area of the
projecting lugs of the bar.
Results of beam tests by Parland( 14 0 )
showed that, regardless of different bond
strengths, the distribution of stresses in
plain and deformed steel bars was practically
the same. This result was to be expected,
since the wedging action of lugs on deformed
bars causes only localized stresses similar to
the contact stress phenomenon.
Rehm 14 2 ) presented plots of pull-out
tests which represent a relation between the
length of slip and the compressive stress in
the concrete adjacent to the lugs of a deformed
bar.
Similar tests by Clark,(5 9 , 74) Menzel,(48)
Shearcroft,(
14 7 ) Hajnal-Konyi, (8 1 ) Rusch, (1 1 1 )
Baker, Ashdown, and Wildt, (116) and others have
established the following factors affecting
bond characteristics:
1. difference in strains between the sur-
faces of the reinforcement and concrete
2. size and shape of reinforcing bar
3. reinforcement percentage
4. steel stress
5. friction
6. adhesion
7. concrete tensile strength
8. crack spacing and width
9. concrete cover and embedment length
10. shrinkage
11. temperature
12. mix design
13. position of bar when specimen is cast
14. position of bar during test (hori-
zontal or vertical)
15. lateral stresses perpendicular to bar
16. rate of testing
17. reduction in cross section of bar
18. mechanical anchorage
Although the results of these tests have
led to the development of deformed bars with
improved bond characteristics, such tests are
too restricted in scope. The conclusions which
are drawn may obscure the knowledge of crack
control methods by over-emphasizing the signifi-
cance of certain parameters. Also, such tests
are of little value unless they can be related
to a theory predicting the behavior of the
specimens. As pointed out by Rusch, (145) it is
not necessary to have an accurate knowledge of
the bond distribution, since only the integral
of these bond stresses is important.
3. Comments on Bond Characteristics
The conclusion suggested by the preceding
discussion is that it is doubtful whether the
actual bond distribution and the maximum value
of the bond stresses will ever be determined
by analytical or empirical methods able to ac-
count for all the parameters involved. Al-
though these problems are of theoretical im-
portance, it appears that further research
along these lines will not best solve the crack
problem.
It is apparent that bond constants are ac-
tually constant for only a given set of condi-
tions. The establishment of bond constants
under the various influences previously stated
remains the key to a final solution.
The European Committee for Concrete has
presented a simplified general formula (166) for
cracking in reinforced concrete members which
it claims to be reducible from various cracking
theories, regardless of the bond distribution
assumed in those theories. A study of the deri-
vation presented in the bulletin reveals that
important cracking parameters were neglected in
the simplification. Also, the values for the
constant appearing in the simplified formula
varied over a wide range, again depending upon
the assumptions regarding bond that were made
by the various authors.
A more recent bulletin ( 16 7 ) by the Euro-
pean Committee for Concrete contains the sug-
gestion for the experimental determination of
the coefficient for the cross-sectional shape
of the reinforcing steel that appears in the
simplified equation. The technique proposed
to do this was to measure the crack widths in
a single axially reinforced concrete tension
member. This is precisely the same method
that can be used to establish the bond con-
stants of the more complete equations.
It is evident that a semi-empirical me-
thod must be used to evaluate the constants
that are related to bond characteristics,
thereby disregarding the actual bond distribu-
tion. It is suggested that a great number of
tests on specimens similar to those of Watstein
and Parsons be conducted by varying each of
the parameters affecting bond, hence establish-
ing relations and values for bond constants
for all conditions. Further suggestions for
such a program are given in the following
section.
E. COMPARISON OF ANALYTICAL AND EXPERIMENTAL
RESULTS
1. Axially Loaded Members
The equations for crack spacing and width
are based on the theory that there is a minimum
value to which the crack spacing can be reduced.
This implies that, due to variations in the ten-
sile strength of concrete throughout a member,
+
a _ 33 per cent deviation may exist in experi-
mental results. This deviation would occur if
all the cracks were spaced at distances slightly
less than twice the minimum possible spacing.
Variation in the curing and handling of test
members further increases the scatter in ex-
perimental data. It has been pointed out
(1 9 1 )
that, due to the random nature of cracking,
crack spacings deviating - 50 per cent from
the average are entirely normal.
Watstein and Parsons (5 3 ) compared their
test data to theory by comparing the values of
Cif'/u and C2 computed from two distinct sets
of experimental data; that is, the values of
the spacing of cracks and their widths. The
values of the slope X and steel stress at zero
crack width were taken from graphs of the data,
one of which is shown in Figure 14. The re-
sults of these computations, together with the
equations used, are shown in Table 2. The two
sets of values of Clf' /um and C2 for each type
of bar were within six per cent of their aver-
age values. On the basis of these comparisons,
the results indicate reasonably good agreement
between the data and theory for crack spacing
and width. Further agreement was found with
the theory in that the experimental data indi-
cated that the minimum crack spacing and crack
width, after the limiting values were attained,
varied approximately as predicted by Equations
12 and 16. The crack spacing increased with
D/p and varied approximately as the inverse of
the bonding effectiveness of the bars. The
crack widths were linearly related to the
crack spacing and steel stress at a crack. The
stress at zero crack width was greater for the
high-strength concrete and decreased with an
increase in reinforcement percentage as pre-
dicted by Equation 16a.
The method used by Watstein and Parsons
to compare analytical and experimental results
is not conclusive, since several other theoreti-
cal relations were not supported by the data.
Comparison of experimental results showed that
the crack spacing decreased somewhat less ra-
pidly than the ratio D/p. This difference was
mostly due to a failure to account for the ef-
fective reinforcement percentage. It was also
found that the values of C2 , which depended on
the stress at zero crack width, showed large
dispersions for similar specimens. The reason
for this variation is believed to be caused by
not accounting for shrinkage effects in the
test specimens and discontinuities in the con-
crete surfaces in contact with the reinforce-
ment. More recent knowledge indicates that the
largest sources of error are due to the ana-
lytical representation of the bond stresses,
crack width measurements, evaluation of the modu-
lar ratio, and the fact that the effective con-
crete area is much smaller than the total area.
The crack widths were measured at the ex-
terior surface of the concrete although the
theory for crack widths is based on slip at
the reinforcement. Also the theory predicts
the maximum crack spacing and width which are
theoretically 4/3 of the average values. This
factor must be taken into account when theory
is compared to experimental results.
Figure 15 shows the considerable differ-
ence between crack widths at the reinforcement
and those at the exterior surface as found by
Watstein and Mathey. (1 73 ) The magnitude of
this difference is influenced by the surface
characteristics of the bar. This information
indicates that the steel stress at zero crack
width, and hence C2 , will always have somewhat
greater values than those obtained from measure-
ments at the exterior surface.
Watstein and Parsons found that the values
of C2 were dependent upon the shape of the re-
inforcement. This finding presents a contra-
diction to the theory since C2 should depend
only on the bond distribution which, as shown
by Parland, 14 0 ) is independent of bar shape.
This contradiction implies that the representa-
tion of the bond distribution as u f(l) is not
suitable. There seems to be a relation between
the maximum value of the bond stress and the
bond stress distribution which is perhaps simi-
lar to that shown in Figure 13. It appears,
therefore, that a better representation of the
integral of the bond distribution is an average
value which can be determined experimentally.
Odman (20 1 ) has deduced equations for the
average crack spacing and width by representing
the concrete and bond stresses as maximum aver-
age values which become the constants of the re-
sulting equations. Aside from different defini-
tions of the constants, Odman's equations are
identical with those of Watstein and Parsons
for average rather than maximum values. In ad-
dition to being more theoretically correct,
Odman's concept is better suited to experimental
interpretation, since the constants can be de-
termined more easily and correctly. These equa-
tions are related to those of Watstein and
Parsons by the ratio of the maximum average con-
crete stress to the maximum average bond stress
being equivalent to 2Cif'/u . The basic conceptst m
presented by Odman are discussed in Section V D.
Odman has used the data of Watstein and
Parsons (5 3 ) and Watstein and Seese (5 6 ) to com-
pute values of CifVu based on estimates of the
mean opening of the cracks. After the conver-
sion of data, Odman found that the observed
crack widths measured at the exterior surface
were only slightly greater than the mean value
that he defined. The results of those computa-
tions are shown in Table 3 along with the aver-
age values of the ratio suggested by Odman for
predicting the average crack spacing. These
values are seen to be almost the same as those
of Watstein and Parsons. Further investiga-
tions are necessary, however, to verify Odman's
concepts and to establish the values of these
bond constants for various bars, concrete
strengths, and other conditions.
In summary, the theory appears to relate
the main factors affecting crack spacing and
crack widths as well as can be expected in
view of the assumptions that are made. However,
several improvements in the theory must be made
before good agreement with experimental results
can be attained. In particular, the assumptions
concerning the handling of bond stress distri-
butions and the effective concrete area must be
improved. The concepts presented by Odman
(2 0 1 )
have apparently made these improvements from
the theoretical point of view, but the constants
need to be established for the various condi-
tions previously discussed. With the aid of
this new theoretical approach, the constants can
be established quite easily by the tests sug-
gested by Odman.
2. Flexural Members
The CEB bulletin 6 6 ) which presented the
general equations for crack spacing and width
did not at the same time present experimental
values of the bond constants. Therefore the
comparison technique used in the preceding sec-
tion to correlate analytical and test results
cannot be presented. However, the theories of
various investigators (Brice, Effsen and
Krenchel, Rusch, Saliger, Wastlund, Jonsson,
and Osterman) which, as shown in the CEB bul-
letin, can be deduced from the general theory,
were compared to cracking tests described in
the RILEM reports. The results of the compari-
son were shown graphically, as in Figure 16.
It was found that "the application of any of
the proposed general theory of the CEB yields
roughly the same approximation in ordinary
cases" ,,(166)
The graphs of the various theories shown
in Figure 16 are simplified and specialized
cases of the general theory. The CEB presented
equations that were simplified from the general
theory, and have since been shown to be inappli-
cable to other situations. Tests conducted by
Hognestad 19 1 ) in which high-strength American
deformed bars were used indicated that the
simplified equation did not adequately predict
the maximum crack width. The magnitude of the
error depended on the magnitude of the parameter
relating bar diameter and the effective rein-
forcement percentage, indicating a discrepancy
in the simplified equation. Therefore, the ex-
perimental results used by the CEB can only be
considered to support the general theory in a
restricted manner, and are not conclusive.
The most apparent discrepancy found in
the CEB simplified equations by the tests of
Hognestad 1 9 1 ) and Kaar and Mattock (2 0 7 ) is
seen in Figure 17, as it was presented to the
CEB. (16 7 ) This graph shows that the simpli-
fied equations tend to overemphasize the ef-
fects of bar diameter when American deformed
bars are used. As pointed out by Kaar and
Mattock, 2 0 7 ) part of this discrepancy is due
to the form in which the simplified equations
were presented. Also, the simplified equation
fails to indicate the influence of the position
of the reinforcement on maximum crack width.
The complete general equation contains terms
which appear to account for these errors in
the simplified equations. Also, the CEB has
presented a modification of their simplified
equations which is in closer agreement with
the test results.
It is to be expected that agreement of
the various proposed equations and experimental
results can be found if the constants are de-
termined from the experiments from which the
comparison is made. This was the method used
by Clark(10 3 ) to obtain agreement between ob-
served and computed values of crack width.
Most of the proposed equations will predict
the general behavior of cracking as found by
Clark and shown in Figures 5, 6, and 7. How-
ever, such equations will be valid only for
members of the same dimensions, reinforcements,
curing conditions, etc. as those on which the
tests were conducted.
The fact that various specialized theories
of cracking behavior, most of which have been
verified experimentally over a fairly wide
range of test specimens, can be deduced from
the CEB theory indicates that this general
theory contains the proper relation of the
most important parameters influencing the spac-
ing and width of cracks. The apparent dis-
crepancies with the tests in which American de-
formed bars were used is that some of these
parameters are neglected in deriving the sim-
plified equations. The value of the simplified
equations is that they verify that the various
theories yield essentially the same equations.
On the basis of knowledge established in the
past, it appears that the general equations are
not so complex that they should be replaced by
specialized or empirical equations which obscure
the theory.
It should be emphasized once again that
the critical points in the establishment of
the total solution of the general cracking
theory are the determination of the bond con-
stants and verification of what effective con-
crete area should be used. The general theory
can be improved by using Odman's( 2 0 1) approach
to handling the bond stress distribution and
method of experimentally determining the con-
stants. Although this method is not affected
by the existence of compressive strains in
tensile regions, a separate study of this
phenomenon should be conducted in order to ex-
tend the basic knowledge of cracking. An ana-
lytical approach to this problem has been sug-
gested. (209)
IV. THIRD STAGE OF CRACKING
A. INTRODUCTION
The preceding discussion of the first and
second stages of cracking is valid only for a
single continuous application of load. In
practice, varying applied loads may be acting
on the member for long periods of time. At
the termination of the second stage of cracking
no additional cracks of major importance can
be formed; therefore, the mechanisms causing
existing cracks to widen are classified under
the third stage of cracking, the equilibrium
stage. The third stage of cracking is of in-
terest because of the long-time effects on
crack widths. The widening processes of ex-
isting cracks are due mostly to an increase in
the steel stress, effects of repeated loading,
and effects of sustained loading.
B. EFFECTS OF INCREASED STEEL STRESS
An increase in crack width is due to an
increase in steel stress and in the curvature
of the member. However, an increase in curva-
ture is not nearly as important as the effects
of the increased steel stress. Thomas(
3 9 )
pointed out that an increase in the curvature
for a particular steel stress tends to distri-
bute the cracking rather than widen individual
cracks.
An increase in the steel stress affects
the difference in the elongation between the
reinforcing steel and concrete and causes ad-
ditional slipping to occur. This slipping is
the main cause of the increase in crack size.
Additional slipping occurs in the vicinity of
a crack and extends to a point where the dif-
ferential strain is zero. At that point the
bond stress and resistance to slipping reach
maximum values and decrease toward the mid-
section between cracks.( 1 74 ) The over-all
values of bond force decrease everywhere with
an increase in load. This decrease can be at-
tributed to the joint effects of the increase
of transverse contraction of the reinforcing
bar and the disintegration of the concrete at
the concrete-steel interface.(201) Therefore
the crack width increases while the crack
spacing remains constant.
If the load is still further increased,
the slipping between concrete and reinforcement
continues to increase. Due to the compara-
tively low values of concrete extensibility,
the increase in crack width can be considered
equal to the increase in the steel strain. If
the yield strength of the steel is attained,
the equations presented in Section III are no
longer valid. If the yield strain of the steel
(174)y is considered large, Billig presents
the following equation for estimating the crack
width:
(35)W = L(Ey - f' /Es)
where f' is the steel stress immediately after
s
the formation of the first crack.
C. EFFECTS OF REPEATED LOADING
In many cases, particularly with bridges,
the effects of repeated loading may have a
greater practical importance than the absolute
maximum load for judging the risk of corrosion
of the reinforcement. Repeated loading causes
existing cracks to widen through progressive
slipping between the reinforcement and con-
crete. At the same time, existing cracks also
propagate further towards the compression side
of the member.
Jonsson, Wastlund, and Osterman (1 34 ) indi-
cated that cracks tend to close when the loads
are removed. In situations where the maximum
crack width occurs under short-time loads, the
risk of corrosion may be judged by the crack
width existing after removal of the loads.
Hence considerably larger steel stresses can
be allowed in such cases.
Theoretical relations between the increase
in crack width and the number of loading cycles
have not yet been developed for reinforced con-
crete members. Therefore, the effects of re-
peated loading are studied experimentally.
Laboratory tests were conducted at the
Portland Cement Association Laboratory 2 0 7 ) on
bridge-type girders subjected to repeated loads
varying between dead load and dead load plus
live load. It was observed that the repeated
application of one million cycles had in most
cases a negligible effect on the width of the
cracks compared to the width at first applica-
tion of the maximum load. Wastlund (16 3 ) noted
that cracks on actual bridges are considerably
larger than those obtained on comparable lab-
oratory specimens. Part of this discrepancy
is probably due to the effects of creep.
The test results obtained by Abeles(1
14 )
for prestressed concrete members subjected to
repeated loads also apply to strongly bonded
reinforced concrete members. Conclusions drawn
from these tests indicated that no increase in
the maximum crack width occurs during the first
million repetitions of a particular loading
range. It was found that "rest" periods are
beneficial in reducing the size and extent of
cracks. This reduction is due to the phenome-
non that cracks in some cases tend to heal with
time.
An experimental study of reinforced con-
crete highway bridges was conducted as part of
the AASHO* Road Test. 19 9 ) It was found that
the maximum crack widths increased about 45
per cent after repeated loading cycles in which
the steel stress was varied from 18,000 psi at
the dead load to a maximum of 40,000 psi under
the live load. Most of this increase occurred
during the first few applications of load. It
should be noted that the variation in steel
stress was more than twice the dead load. The
live load stress in the tests was considerably
greater than can be expected to occur on most
structures.
It is difficult to state whether a factor
accounting for the effects of repeated loading
is necessary in design equations. Although
factors for these effects have not been estab-
lished, such a factor would depend on the a-
mount of variation in the steel stresses. Fur-
ther test results on members reinforced with
high-strength deformed bars are required before
these factors can be established. Again, the
axially loaded model offers possibilities of
providing sufficient data which may be cor-
related to the repeated loading effects in
beams. The test results of Watstein and Seese
(56) in which repeated loads were applied ax-
ially to prisms indicates that the significant
increase in crack width occurs during the first
20 cycles of loading. Although this behavior
is similar to the behavior of reinforced con-
crete beams, further knowledge relating the
actual beam values to axial tests is necessary
before such tests can be used to establish fac-
tors accounting for the increase in crack width
under repeated loads.
* American Association of State Highway Offi-
cials, Highway Research Board, National A-
cademy of Sciences -- National Research
Council, Washington D.C., 1962
D. EFFECTS OF CREEP
The effects of creep in both the rein-
forcement and the concrete under sustained
loading will cause the width of cracks to in-
crease with time. The widening of the cracks
is greatest during the beginning of the loading
period. The width of the crack usually does
not attain a final value for a number of years.
Although creep effects are proportional to the
stresses at low stress levels, they increase
more rapidly than the stress as the ultimate
strength of the concrete and yield strength of
the steel is approached. Thus, exact theoreti-
cal equations predicting creep behavior do not
exist. However, experimental research has re-
sulted in a knowledge of the magnitude of creep
effects, and the development of methods of es-
timating them.
Creep of concrete is the main cause of
crack widening under sustained loading. The
mechanisms involved in this widening process
are due to creep in concrete compression and
in bond. Compressive creep in the concrete re-
sults in a small increase of the tensile stress
in the reinforcement. At the same time, the
position of the neutral axis is slightly changed
as the deflection is increased. Tensile creep
in the concrete due to bond causes additional
slip of the concrete along the steel away from
the crack. Thus, the combined creep effects
may cause the width of a crack to increase a
significant fraction of its initial value.
Tests conducted at the Portland Cement Associ-
ation Laboratories, using high-strength de-
formed bars, show that sustained loads at steel
stresses of 31,000 psi will cause the maximum
crack width to increase about 17 per cent.
(2 00
'
207)
Because little information has been pub-
lished on the effects of creep and repeated
loading, it is impossible to establish a fac-
tor which will estimate the expected increase
of the maximum crack width. However, F. G.
Thomas has estimated that the increase in
crack width due to these effects ranges between
5 and 25 per cent of their initial values.
Consideration of this increase should be in-
cluded in the equations predicting the maximum
crack width. It should be pointed out that the
scatter in the crack width measurements which
are used to determine the constants of the
equations must also be considered. Further,
it should be borne in mind that crack widths
are considerably less at the reinforcement
than at the outer surface of the member. This
effect tends to offset the effects of creep
and repeated loads so that, in some cases, a
safety factor may not be necessary before using
design equations based on maximum crack width.
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TABLE 1.
PROPOSED EQUATIONS BY VARIOUS INVESTIGATORS
Investigator Maximum Crack Spacing, L Maximum Crack Width, W
Borges and 1.5(2 + -K ) s (2 + KD)
Arga e Lima pe E Pe
s
K = 0.01 for high strength deformed bars; f > 42,500 psi
_DI ft
DI (1 + 3 /g L (f t
Brice 4KcA jd a + 3 b) - s 2A cjdBice s E s
s
K1 = 2 for American deformed bars
CiDf' 0.4 s
t (4.5 + )-4) D --C. E. B. p K2
(simplified) p um e
K2 = 47.5 x 106 psi for deformed bars
Chi and f D- 7.5FD ( h -d 2500
Kirstein up E d-jd s FD
F = /m2 Pe ; m = 4
1.5(1.2 + 0.63 D) 7 - f x 10 8Efsen and pe p s
Krenchel 
e  e
1.5 < - < 8 in.; 30,000 < f < 70,000 psi
Pe s
Jonsson, ID
3 /2 If 2/3
Wastlund and s A cdE
Osterman s s
K3 = 0.10, K4 = 0.16 for deformed bars
Odman 3.22 p 0.0784L
P DE Dfs - 1.55Lfý(l + np)
s
Ksf D
Rusch TsD (1 - 0.9m)(7 - 5.4m)Rus4chp
e
K5 = 0.0543(1 + 3ga/gb) x 10
Saliger IDIft Ls  + n)
4u cA jd Es s Ascjd
m s
Thomas 3ft D L 5ft4UmP f - - ( 1 +np )4u p E s 8p e
me s e
WATSTEIN AND
TABLE 2.
PARSONS' VALUES OF Clf'/um AND C 2
-t m
Reinforcement Cf' /u C2t m
XE p YXYE ps
Equations L sP Ave = -- E =  S Ave
D D ft'(l+n) Lft(1+n)
7/8-in. plain 0.53 0.59 0.56 0.65 0.71 0.68
7/8-in. deformed 0.36 0.40 0.38 0.56 0.61 0.59
Two 5/8-in. deformed 0.34 0.37 0.36 0.46 0.51 0.48
No. 8 Isteg 0.32 0.34 0.33 0.50 0.52 0.51
7/8-in. threaded 0.23 0.23 0.23 0.39 0.39 0.39
TABLE 3.
ODMAN'S VALUES OF Clf'/u BASED ON W
t m mean
From data of
Reinforcement & Parsons Watstein & Seese Suggested by OdmanWatstein & Parsons
f' 2900 psi 5300 psi 3300 psi 3800 psi
c
7/8-in. plain 0.50 0.59 0.52 0.54
No. 8 Isteg (plain) 0.45 0.47 0.46(with lugs)
(D)* 0.38
7/8-in. deformed 0.39 0.37
(G) 0.38 0.39
(F) 0.35
7/8-in. deformed (E) 0.32
(very rough (C) 0.28 0.28
recent types) (A) 0.22
7/8-in. threaded 0.23 0.21 0.22
Letter in parantheses refers to bar surface characteristic as defined by Watstein and Seese (6 6 )
TABLE 4.
PERMISSIBLE CRACK WIDTHS
Author Environmental Factors Permissible Width, in.
Dangerous crack width
Crack width allowing corrosion within 1/2 year
(saline environment)
Structures not exposed to chemical influences
Found no direct relation between crack width and
corrosion
Structures exposed to a marine environment
Found no direct relation between crack width
and corrosion
0.04 to 0.08
0.012
0.012 to 0.016
0.016
Engel and Leeuwen
Voelilmy
Unprotected structures (external)
Protected structures (internal)
Safe crack width
Crack width allowing slight corrosion
Dangerous crack width
0.008
0.012
up to 0.008
0.008 to 0.020
over 0.020
Indoor structures
Normal outdoor exposure
Exposure to sea water, smoke, etc.
Protected structures (interior)
Exposed structures (exterior)
Fairly harmless crack width
Harmful crack width
Very harmful crack width
For all structures under normal conditions
Structures exposed to humidity or to harmful
chemical influences
Structures subjected to dead load plus half the
live load for which they are designed
Structures subject to dead load only
Exterior (outdoor) structures exposed to attack by
sea water and fumes
Exterior (outdoor) structures under normal conditions
Interior (indoor) structures
Information is taken from Reference 166. 
(continued)
Rengers
Abeles
Tremper
Brocard
de Bruyn
Bertero
Haas*
Brice*
Saliger*
Wastlund*
Efsen*
0.010
0.006
0.001
0.012
0.008
0.004
0.008
0.012
0.008
0.004
0.016
0.012
0.002
0.006
0.010
0.014
0.010
0.006
0.010
0.010
0.014
n is taken from Reference 166. (continued)
TABLE 4 (cont.).
PERMISSIBLE CRACK WIDTHS
Author Environmental Factors Permissible Width, in.
Ordinary structures
Structures subjected to the action of fumes and
sea environment
0.012
0.008
Shalon and Raphael
Hendrickson
ACI Building Code
(1963)
CEB
Recommendations
Normal outdoor exposure
Exposure to sea environment
0.008
less than 0.008
Normal exposure
Interior members
Exterior members
Interior elements in normal atmospheres
Interior elements in humid or aggressive atmos-
pheres and exterior elements exposed to intem-
perate climates
Interior and exterior elements exposed to par-
ticularly aggressive atmospheres or in order to
insure watertightness
0.010
0.015
0.010
0.012
0.008
0.004
Information is taken from Reference 166.
Rusch*



V. MEASUREMENTS
A. INTRODUCTION
The development of reliable theories for
predicting crack widths and spacings is very
dependent upon the measurement of the signifi-
cant cracking parameters. Until a general
theory predicting the spacing and width of
cracks is proven to be valid for all flexural
members, the only means by which the adequacy
of the various cracking equations developed
can be judged is by comparison with test re-
sults which accurately reproduce practical con-
ditions. It is therefore essential that all
the parameters affecting crack control be meas-
ured as accurately as possible. It is also
necessary that the variables which are measured
be defined and described as accurately as pos-
sible.
The problem of measurements and defini-
tions is one of the main reasons for the dis-
agreement among the various cracking theories.
It was pointed out in the Proceedings of the
RILEM Symposium that these problems concern
themselves primarily with crack widths and bond
parameters.
B. DETECTION OF CRACKS
It would be very useful if all the cracks
in a member could be accounted for as soon as
they formed. However, the realization of this
experimental accomplishment is practically im-
possible. Even the utmost care in curing and
handling will not guarantee the test specimen
to be initially free from very fine microcracks.
Such cracks are known to exist in the interior
as well as on the exterior surface of a rein-
forced concrete member. However, no satis-
factory means of detecting them are known at
the present time. The microcracks on the sur-
face can be detected only when they reach a
certain minimum width which occurs quite sud-
denly at the so-called cracking load.
The existence of microcracks results in
some initial discrepancy when the extension of
the concrete is required. This finding is es-
pecially true for tests from which evaluation
of crack widths at the reinforcement are made.
(169) Microcracks are also partly responsible
for the large variability in the experimental
values of widths and spacing of cracks, even
when supposedly identical specimens are used.
Although the influence of initial microcracks
on the formation of major cracks is not known,
it is suspected that microcracks are one of
the controlling factors of the entire cracking
pattern.
Fortunately, the theories for predicting
the maximum crack width are based on the fact
that there is a minimum value to which the
crack spacing can be reduced. This knowledge,
coupled with the fact that there is a limiting
crack width below which corrosion of the rein-
forcement does not occur, makes possible the
evaluation of the significant parameters af-
fecting the crack spacing and width without
need for concern about the incidence of the
initial cracks.
The incidence of cracking at higher loads
is usually defined in relation to the load at
which the crack is first seen. The accuracy in
detecting a crack depends a great deal on the
eyesight of the observer, good lighting, and
microscopes. Special surface treatments of the
test specimens with light oil films, brittle
lacquers, and various dyes have also been used
to aid in the detection of cracks. 3 9 ) Skilled
research workers are able to notice cracks of
one-thousandth of an inch width through the
use of microscopes.
The use of special strain gages to detect
cracks has also been attempted. Such gages
should be used only to detect cracks and not
for crack measurements because (a) the exten-
sion of the concrete is ignored, and (b) sev-
eral cracks might be measured as a single
crack within the gage length.
C. MEASUREMENT OF CRACK WIDTHS
The results of crack width measurements
are very dependent upon how the width of the
crack is defined. The analytical equations
predicting crack width are based on the slip of
the concrete along the reinforcement. These
widths are considerably less than the width of
the same crack at the exterior surface of the
member. Also the width of a crack varies with
its length on the exterior surface. Most re-
search workers measure the crack width at right
angles to the direction of propagation on the
exterior surface at the level of the reinforce-
ment. However, cracks do not always extend at
right angles from the reinforcement so that
these measurements do not always indicate the
slip at the reinforcement. Quite frequently a
crack will divide at the level of the reinforce-
ment, so that it is necessary to decide whether
to interpret the two smaller cracks as one lar-
ger crack. Rusch 14 5 ) believes that high ac-
curacy in measuring these random values of
crack width is not justified and that it is
more sensible to use an average value of the
crack width measured at various points along
the crack with an accuracy of about 0.002 inch.
The crack widths measured at the exterior
surface must be related to the slip at the re-
inforcement for two reasons. First, the risk
of corrosion is governed by crack width at the
steel, and second, the degree of correlation
of test data with the theory should be made
using the values of crack width at the rein-
forcement. The ratio of the crack width at
the surface of the bar to the crack width at
the surface of the concrete for a given steel
stress is shown in Figure 15 as presented by
Watstein and Mathey. 17 3 ) It should be pointed
out that the ratio of these crack widths is
valid only for about 5 inches of concrete cover.
It may be possible to assume a linear relation-
ship between these ratios and concrete cover,
so that estimates for a different depth of
cover can be made.
It has been found that even with the best
equipment and techniques the scatter of test
data on the crack spacing and width will range
+ (191)between 50 per cent. Due to the random
variations in crack patterns, it appears that
frequency diagrams are the best method for re-
cording results and attempting to find corre-
lations between the cracking parameters de-
fining the shapes of these diagrams and the
test conditions.
D. DETERMINATION OF BOND STRESS CONSTANTS
The theoretical equations for crack spac-
ing and crack width contain constants which
represent the integral of the bond stress be-
tween two existing cracks. However, since the
distribution of the bond stress is unknown, it
is impossible to analytically evaluate these
constants. As shown in Figure 12 the various
assumptions concerning the distribution of the
bond stress which have been proposed yield con-
siderably different values and are therefore
of little use.
Attempts to evaluate the bond constants
by experimental techniques similar to those
described in Section III E 1 have only been
partially successful. The failures are at-
tributed to the difficulties in attempting the
independent evaluation of the maximum bond
stress with sufficient accuracy. Results from
pull-out tests are of little value for this
purpose. Further, it appears that the repre-
sentation of the bond distribution, u f( ), ism L
inadequate.
It was pointed out in Section III E 1 that
the recent concepts proposed by Odman (2 0 1 ) for
axially loaded prisms made possible the repre-
sentation of the bond integral as a maximum
average value. Such a representation is more
reasonable than the results obtained from
u f(-). Although the equations for crack spac-
ing and width resulting from applying Odman's
concept are identical in form to those pre-
sented in Section III B 2, the principles that
are involved enable the constants to be deter-
mined more accurately and easily than by the
methods of Watstein and Parsons. (5 3 ) It can
also be expected that these "new" constants
will apply to flexural members as did the con-
stants Ci and C2 . Therefore, the basic con-
cept proposed by Odman (2 0 1 ) and its relation
to crack spacing and width is briefly discussed.
1. Basic Concepts of Odman
Odman bases his theory on the comparison
of the elongations of a bar axially embedded
in a concrete prism with a free bar of equal
gage length. The stress in the free bar under
an axial load is expressed in terms of its e-
longation AL in the length L according to
s s
Hooke's Law as E sALs /L . To produce the same
elongation in the embedded bar requires a
somewhat larger applied load which can be ex-
pressed as f A . The maximum value of the dif-
ference between the force in the embedded bar
and the free bar measured at equal strains at
their free ends is defined as the maximum in-
crement in external force and is denoted as
Af A . The analytical expression of this
s s
definition is as follows:
AfA = (fs - E AL/Ls)A (36)
The maximum value of this difference is of
interest since the situation of its occurrence
represents the stage at which the crack spacing
is first reduced to minimum values.
The difference, or increment in external
force, is due to the bond stresses that exist
along the bar. The maximum increment in ex-
ternal force is therefore related to the maxi-
mum average bond stress u by the following
relation:
Af = Lean
ss 2 mean (37)
where Lean = mean crack spacing.
If the test is made on a relatively long prism
of length L' in which a number r of cracks
are formed, then the mean crack spacing is
equal to L' s/r + 1. Thus, the maximum aver-
age bond stress uma is expressed as
A
uma = 2 (r+l) -L Af ssma
5
The tensile force in the concrete at a
section midway between two successive cracks
can also be related to the increment in external
force by assuming that the actual concrete
stress distribution integrated over the cross
sectional area of the prism may be obtained as
a product of the concrete area and a maximum
average concrete tensile stress. Thus con-
siderations of the effective area are avoided,
provided the concrete cover is not so great as
to prevent cracks from forming at the surface
of the prism.
The following expression can therefore be
written for the maximum average concrete stress
f
ma
f = pAf
ma s (39)
By equating Af in Equations 37 and 39,
the following expression for the mean crack
spacing L in a circular prism reinforcedmean
with a single bar which is axially loaded is
found to be
D maL = (
mean 2p u
ma
By following a procedure similar to that pre
sented in Section III B 2, the following equ;
tion for the mean crack width W will re-
mean
sult:
L
W mea f - f (n +-) (
mean E s ma p
Comparison of Equations 40 and 41 with
Equations 21 and 16 show the following rela-
tionship between the constants resulting from
the two theories:
3u C2
Equations 42 have accounted for the fact that the
maximum crack spacing is 4/3 of the mean crack
spacing.
The advantages of working with the con-
stants f and u as opposed to CI and Ca are
ma ma
)) obvious. Evaluation of these constants can be
easily made for different bar types, curing
conditions, etc. from simple tension and em-
bedded bar tests and the application of Equa-
tions 38 and 39. Crack spacings and crack
widths are not required. The problems en-
countered in evaluating the effective concrete
i) area are apparently eliminated.
In order to obtain the complete general
equation predicting the spacing and width of
cracks, the bond constants must be evaluated
for all conditions. If such a task is under-
taken, it is suggested that these concepts ad-
vanced by Odman be utilized.
f C 2 f' u -= r.
a-
ma Ia
VI. PERMISSIBLE CRACK WIDTHS
A. CRITICAL CRACK WIDTHS AS GOVERNED BY COR-
ROSION
1. Introduction
The influence of crack width on the cor-
rosion of reinforcement cannot be fully under-
stood unless something is known about the gen-
eral corrosion mechanism and the various gov-
erning factors. There are several references
listed in the bibliography which contain thor-
ough treatments of the basic corrosion proces-
(212)
ses. A brief report has been compiled as
a part of this literature survey and is suf-
ficiently complete to aid in the understanding
of the factors and causes of corrosive attack
on reinforcement in concrete.
The formation of cracks in reinforced con-
crete structures is unavoidable; hairline
cracks due to shrinkage and temperature changes
will occur even in carefully made structures.
The problem of crack control, then, must be ap-
proached by the concept of permissible crack
widths. If the concrete is of sound quality,
there is danger of rusting only if the crack
widths are sufficient to give access of mois-
ture, air, salts, and other contaminants to
the reinforcement. (3 9' 40, 180, 190) Results
of numerous investigations have provided evi-
dence that even in the presence of aggressive
atmospheres the possibility of penetration to
the reinforcement can take place only if the
crack has a definite width. 4 0 ) Cracks parallel
to the direction of the reinforcement provide
greater access of these corrosive agents, and
consequently accelerate the process. However,
cracks extending normal to the reinforcement
are by far the most predominant in ordinary
structures and therefore this type of crack is
of main concern.
Crack development is affected by several
factors, the more important ones being stress
in the reinforcement, bond characteristics of
the concrete, crack distribution, amount and
size of the reinforcement, ratio of steel modu-
lus to concrete modulus, quality of the con-
crete, and amount of cover. 4 0' 190) The first
five factors are discussed at length in Section
III. The influence of concrete quality and
amount of cover on crack development and on
critical crack widths will be discussed later
in this section.
Well-designed structures can carry rela-
tively high loads with a minimum of crack de-
velopment. What constitutes a well-designed
structure is a matter of established design
procedures and a feel for structural behavior
of reinforced concrete members. Evidence from
various investigations has indicated that even
at working loads, cracks may have sufficient
magnitude to allow corrosion to take place, es-
pecially if the structure is exposed to an ag-
gressive atmosphere.
(3 9
' 40)
Generally, a crack is defined by the width
at the face of the concrete. This is often
done since little is known about the character-
istics of a crack at the reinforcement.( 12 3 )
Although most investigators designate crack
width as that at the concrete surface, some,
such as Brocard, 120) attempt to determine the
corresponding widths at the concrete-steel in-
terface. Results of such investigations are
probably more rational since the severity of
localized corrosion may depend on the amount
of steel exposed by the crack.
The problem to be discussed is whether a
direct relation exists between crack width
(either at the surface of the concrete or at
the level of the reinforcement) and the amount
of corrosion. The majority of investigators
base their entire results on the concept of
permissible crack width, but some feel that
crack width is not of main importance from the
standpoint of corrosion. Before the recom-
mendations of these investigators are reviewed,
a brief summary on the general corrosion mecha-
nism and on the factors governing permissible
crack widths will be included.
2. Review of the General Corrosion Mechanism
It is well established that the corrosion
of steel reinforcement in concrete is perpetu-
ated by electrochemical driving forces. The
necessary conditions for electrochemical cor-
rosion are the contact of a metal with an elec-
trolyte and the presence of a potential differ-
ence between two or more regions at the surface
of the metal. (9 1) Electrochemical corrosion
brings about a combination of iron with oxygen
and water, yielding an oxide rust product which
may exist in two states depending on the amount
of available oxygen. (18, b9, 83) This process
differs from direct oxidation in that the iron
goes into solution at one place (the anode),
oxygen is taken up at a second (the cathode)
allowing the first reaction to proceed with
the formation of rust. The oxide rust product
may either accelerate or retard further reac-
tion depending on its physical condition. (18,
83) Although the metal does not deteriorate
at the cathode, the cathodic reaction, usually
characterized by oxygen depolarization, will
control the rate of corrosion. Therefore, any
factors influencing the cathodic reaction will
likewise influence the over-all corrosion pro-
cess.
Local differences in potential are caused
by factors inherent in the metal or irregulari-
ties of the electrolyte in contact with the
metal.(8 3 , 124) Discontinuous layers of mill
scale are one source of potential differences,
with the covered regions becoming cathodic with
respect to the uncovered metal.( 124 ) As a re-
sult, the areas not covered by mill scale may
be subject to an intensified corrosive attack.
Other cases of local corrosion cells, charac-
terized by differences in composition of the
electrolyte, are differential aeration, dif-
ferential moisture content, and differential
salt concentrations. In the case of differen-
tial aeration, which is the most prominent,
the regions of the metal least accessible to
oxygen become anodic with respect to the re-
gions readily accessible to oxygen.(58, 69, 83)
The influence of differential aeration empha-
sizes the deleterious effects of cracking and
of porous concrete, for these are two condi-
tions which allow the penetration of oxygen to
local areas of the reinforcement.
Concrete displays remarkable protective
qualities owing to its high pH, which is about
12.5.(179, 180) In the uninhibited corrosion
process, the metal is oxidized at the anode
forming a soluble ferrous hydroxide. In the
presence of oxygen and alkali, however, the
solubility of ferrous hydroxide is diminished,
and instead of passing into solution, it is
converted to a hydrated ferric oxide in physi-
cal contact with the metal. As this process
continues, this layer of insoluble ferric oxide
becomes stronger and subsequent reaction is in-
hibited.(
93
, 178)
This protection afforded by the alkalinity
of concrete is reduced by the penetration of
moisture, oxygen, dissolved salts, and carbon
dioxide. Carbonation leads to a gradual de-
crease in pH: values of 10 and lower may re-
sult. 12 4 ) If moisture penetrating to the re-
inforcement contains soluble salts such as
chlorides, the protective value resulting from
alkalinity is reduced appreciably. The in-
fluence of salts is not as readily predictable
as the influence of alkalinity or oxygen. How-
ever, it is well known that the penetration of
salts may be expected to increase the corrosion
rate if only because it is conducive to ionic
activity.( 18  83, 91, 170) Consequently, the
porosity of the concrete and the development
of cracks are highly important from the stand-
point of corrosion.
3. Development of Corrosion in Cracked Concrete
If the concrete is of sound quality, pre-
venting the access of environmental materials,
the reinforcement will remain rust free in the
absence of large cracks. The corrosion process
cannot be sustained unless the penetration of
moisture and other harmful substances is suf-
ficient to create a corrosive environment at
the vicinity of the reinforcement.(123, 124)
With an impervious concrete cover, this pene-
tration can take place only by means of cracks
of excessive width.
Corrosion in cracked concrete is usually
characterized by the spreading of rust along
the bar on each side of the crack. This spread-
ing may be caused by slip occurring in the ad-
joining areas, disrupting the bond between the
bar and the concrete, and thereby allowing the
diffusion of aggressive agents along the bar.
(123)
The spreading of corrosion may also be
due to the existence of differential aeration
cells. The region of the bar at the bottom of
the crack is exposed directly to oxygen and
becomes cathodic with respect to the covered
portion of the bar. This spreading may be
particularly severe with low quality concrete,
in which the electrical resistance is relatively
low. In some investigations, corrosion was ob-
served to be localized in apparently sound
parts of the concrete between cracks, whereas
the region at the crack was almost free from
rusting.(123) Spreading of corrosion, however,
often results in smaller damage since the at-
tack is distributed over a larger area. On
the other hand, severe local corrosion may oc-
cur at the bottom of extremely fine cracks.
(123)
Generally, it may be said that if the con-
crete is impervious and a high pH is maintained,
corrosion is probably restricted to a small
zone at the bottom of the crack. 12 4 ) As the
crack becomes increasingly wider, it is pos-
sible that rusting increases from spalling due
to greater penetration of aggressive agents.
With porous concrete, however, it is the num-
ber of cracks and not their width that is de-
cisive. 40) Every new crack provides addi-
tional porosity in a concrete that is already
porous. With impervious concrete it is better
to have several fine cracks than to have fewer
wider ones.
4. Factors Influencing Critical Crack Widths
a. Internal factors
Probably one of the main factors influ-
encing crack width is the quality of the con-
crete cover. Corrosion in the vicinity of a
crack is much more extensive when the concrete
porosity is high, causing the protective value
of the concrete to be reduced by the penetra-
tion of carbon dioxide and salts prior to the
crack development.(124 ) There is also a pos-
sibility that the quality of the concrete may
be a factor which controls crack width and
crack development. (212) As mentioned previously,
if the porosity is high the number of cracks is
probably more decisive than the width of the
cracks. Achieving a high quality mix is gen-
erally a matter of proper proportioning of the
materials in the mix.
In an uncracked structure the amount of
concrete cover has a certain degree of influ-
ence on corrosion; however, many investigators
disagree as to the significance of this factor.
Haas, (1 6 6 ) for example, feels that in an ag-
gressive atmosphere considerable corrosion is
likely to occur with a cover less than 1 inch
thick. Brocard 12 0 ) and Lewis and Copenhagen
(169) recommend a minimum cover of 2 inches.
On the other hand, Pletta, Massie, and Robins
(78) concluded that corrosion decreases as the
cover is increased up to about 1/2 inch; there-
after, any further increase in cover will af-
ford little additional protection. ACI Commit-
tee 201 on Durability of Concrete in Service
(197) recommends that the minimum cover should
be 3 inches for marine exposure and 2 inches
for applications where salt is used for ice
control.
It is not known whether the amount of
cover has any significant influence on criti-
cal crack width from the corrosion standpoint.
If the crack width is designated by its magni-
tude at the concrete surface, then depth of
cover will control the limit on crack width.
A limiting crack width so defined will increase
with increase in cover simply because the cor-
responding dimension of the crack at the re-
inforcement will be smaller.
The cover may be inadequate to the extent
that aggressive chemicals may penetrate to the
reinforcement and reduce the protective value
of the concrete before cracking occurs. From
this aspect the amount of cover will influence
the limits on crack width. However, the quality
of the concrete is more effective in eliminat-
ing penetration than the amount of cover. (40'
(124)
It has been noted that in some cases cracks
will tend to heal with time. This phenomenon,
referred to as autogenous healing, will occur
when fine cracks develop at an early age and
when the loading is not severe. Thomas (3 9 )
reports a series of tests conducted at the
Building Research Station (London) in which
small reinforced concrete piles were cracked
and exposed to a sea air environment. It was
found after 4 years exposure that no sign of
corrosion appeared, and it was quite difficult
to locate the cracks. Little is known about
autogeneous healing; however, it seems to vary
with the lime content, the distribution and
fineness of the air voids, and the wetness of
the external environment.
If the conditions are such that healing
may occur, many of the cracks will close after
a period of time and present little danger of
corrosion. Some investigators suggest limiting
crack width in the range between 0.001-0.006
inch for concrete exposed to an aggressive at-
mosphere. Yet it is possible that in many
cases cracks of such small dimensions may heal
before serious corrosion has occurred.
b. External factors
The atmospheric environment in which a
reinforced concrete structure is located has
a definite influence on the critical crack
width. A standard limiting crack width cannot
be established since environmental conditions
will vary considerably from region to region.
Also, generalizations within a given area are
misleading: a structure in a certain aggressive
atmosphere may remain unattacked if some topo-
graphical feature protects it. (16 9 ) Thus, vari-
ous areas of the same structure may be sub-
jected to entirely different corrosion rates.
This condition is often observed in seaward
and landward sides of a structure. Therefore,
with every recommended limiting crack width,
references must be made to the specific en-
vironment and exposure of the structure.
Marine and industrial environments proba-
bly exhibit the most aggressive conditions.
However, a structure situated in a normal inland
environment may be subject to severe corrosion
problems due to conditions associated with the
structure's functional use. Examples of this
are sludge tanks and buildings enclosing drying
kilns, curing rooms, furnaces, etc. Addition-
ally, many inland bridges and other roadway
appurtenances may experience corrosive attack
due to the use of deicing agents containing
soluble salts. In all instances, the severity
of these external conditons must be determined
before establishing allowable crack widths.
5. Recommendations of Previous Investigators
The following is a summary of the results
and conclusions of various investigators who
have studied the problem of permissible crack
widths from the standpoint of corrosion. The
purpose is to illustrate the diverse opinions
which have been set forward and to indicate the
trends which have developed as further investi-
gations were carried out. Most investigators
designated crack width as the magnitude of the
crack at the surface of the concrete. This
convention will be used consistently in the
following summary, unless otherwise indicated.
One of the earliest investigations was con-
ducted by N. J. Rengers 3 0 ) in 1935. A hollow
reinforced concrete pile was subjected to bend-
ing to promote flexural cracking and was im-
mersed in a tank filled intermittently with a
sodium chloride solution to simulate marine
conditions. The concrete cover over the rein-
forcement ranged from 0.5 to 0.8 inch. After
5 months exposure, the specimen was broken
open and the reinforcement checked for corro-
sion. Rengers concluded that crack widths of
0.04 to 0.08 inch certainly present a corrosion
danger, and even cracks 0.012 inch wide may be
excessive. Since only one specimen was tested,
the results are far from decisive; however, the
investigation did give a general idea of the
range of magnitude in which crack widths are
harmful.
In 1937, Abeles (4 0 ) made a summary of
long time, short time, and accelerated cor-
rosion tests performed by various investiga-
tors prior to 1937. Abeles found that opin-
ions differed considerably with regard to per-
missible crack width, yet generally it could
be concluded that crack widths of about 0.012
to 0.016 inch present no danger of rusting,
provided there are no special chemical influ-
ences.
A report completed in 1947 by Tremper (6 6 )
discusses a test series in which sixty-four
concrete blocks were exposed to a marine en-
vironment (near Puget Sound) for 10 years.
The specimens were reinforced with three types
of steel reinforcement: 16 gage annealed wire,
7 gage cold drawn wire, and 1/4 inch deformed
bars. The quality of the concrete was varied
by means of adjusting aggregate gradation,
water-cement ratio, and cement content. Prior
to specimen exposure cracks having surface
widths ranging from 0.005 to 0.05 inch were
induced by flexural loading and were maintained
by bolting exterior bars to the sides of the
specimens. After exposure the reinforcement
was removed to determine the amount of cor-
rosion. Although corrosion was found in the
vicinity of the cracks, it was not severe.
Tremper concluded that under these test condi-
tions cracks of fairly large widths in a sound
concrete will not promote serious corrosion of
the reinforcement.
In 1957, Brocard ( 12 0 ) reported the results
of corrosion tests conducted to clear up the
diverse points of view concerning the relation-
ship between crack width and corrosion. The
reinforcement consisted of thin walled steel
tubes embedded in concrete prisms. As the
tests progressed, the change in electrical re-
sistance of the tubes was measured, thereby
providing a nondestructive evaluation of the
amount of corrosion. The same concrete mix and
amount of cover was used in all the specimens.
The specimens were loaded in flexure to pro-
mote cracking, then were subjected to cycles of
salt spray and drying. After each cycle, the
electrical resistance of the tubes was measured.
It was found that corrosion was not appreciably
accelerated with a 0.004 inch crack width,
whereas the corrosion rate increased by a
factor of five to ten with a crack width of
about 0.024 inch. If the crack width is in
excess of 0.016 inch, then corrosion becomes
quite predominant. Although the results of
these experiments indicate a relation between
crack width and corrosion rate, Brocard felt
that decisive quantitative conclusions could
not be made because of the difficulty of pro-
ducing cracks of definite width, and due to
the complexity of the corrosion process.
Some conclusions made by de Bruyn(12 4 ) in
1957 were based on the results of a series of
tests which included variations in quality of
concrete, amount of cover, and width of cracks.
Artificial cracks were made by inserting pieces
of tin plates with thicknesses ranging from
0.004 to 0.06 inch. The plates were removed
after the concrete set, leaving thin uniform
notches extending to the reinforcement. Dur-
ing exposure, the specimens were sprayed with
a sodium chloride solution. After the tests
were completed and the reinforcement removed
for observations, no particular influence of
crack width could be determined. Various
reasons are given for this. Artificial cracks
do not have the same characteristics as do
cracks promoted by axial or flexural loading.
The development of actual cracks is influenced
by the quality of the concrete and crack dis-
tribution. Artificial cracks are independent
of these factors, and therefore no meaningful
comparison can be made. In his conclusions
de Bruyn emphasized the necessity of not con-
sidering only crack width. Other factors such
as porosity, pH value, and conductivity of the
concrete must also be considered. Therefore,
the simple concept of permissible crack width
will not solve the problem of corrosion and
crack formation. Further investigations must
incorporate the different factors which govern
corrosion in order that worthwhile results can
be obtained.
Engel and Leeuwen (12 7 ) reported in the
RILEM Symposium on Bond and Crack Formation,
1957, on the admissible crack widths which are
specified in the Netherlands. These recom-
mendations are made from investigations of
structures existing for more than 15 years.
They considered the maximum permissible crack
width as that corresponding to an accepted de-
gree of rusting of the reinforcement. For un-
protected structures (external) a crack width
of 0.008 inch is allowable, whereas for pro-
tected structures (internal) the permissible
width is increased to 0.012 inch. With good
construction and favorable conditions, larger
crack widths may be admissible for the latter
category.
A report by Voellmy, ( 15 2 ) also included
in the RILEM Symposium, gives the results of
experiments in which a number of cracked beams
were exposed to the atmosphere for 10 years.
The locations varied from rural to industrial
areas to determine the influence of various
environments. The author found that the mag-
nitude of the crack width was more significant
than the aggressiveness of the atmosphere.
The results after 10 years indicated that no
corrosion occurred with crack widths up to
0.008 inch. Slight corrosion at isolated re-
gions of the reinforcement was observed for
cracks between 0.008 and 0.020 inch. With
crack widths over 0.020 inch, a little more
localized corrosion was noticed.
Bertero (156) states that for standard com-
parison, crack widths should be specified as
those at the level of the reinforcement. Maxi-
mum allowable crack widths will certainly de-
pend on the climate conditions to which the
structure is exposed. Assuming the use of a
dense, impermeable concrete, the permissible
limits lie between 0.010-0.014 inch for indoor
exposure, 0.006-0.010 inch for normal outdoor
exposure, and 0.001-0.006 inch for exposure to
sea water, smoke, etc. These allowable crack
widths apply to structural elements under
permanent loading with 1 inch cover.
In Bulletin No. 12 of the European Com-
mittee for Concrete, 1959, ( 166) Haas presented
the results of an extensive investigation con-
cerning limiting values for crack widths in
structures exposed to marine atmospheres. For
exposed structures (external environment) the
limit is set at 0.008 inch and for protected
structures (internal environment) a maximum
limit of 0.012 inch is recommended. These
values are applicable only in cases where the
reinforcement is adequately covered and where
the loads are permanent. Larger crack widths
are permissible in the absence of heating,
humidity, and other aggressive conditions. In
such cases, aesthetic requirements will proba-
byly govern the limits.
A list of maximum permissible crack
widths recommended by other investigators is
given in Bulletin No. 12(1 66 ) and this is in-
cluded in Table 4.
An investigation of the effect of crack
width on the corrosion of reinforcement was
reported by Shalon and Raphael ( 164 ) in 1959.
Cracks of 0.006 inch and 0.012 inch were main-
tained in small reinforced concrete beams which
were exposed to the weather for one year. Cor-
rosion of the reinforcement was quite predomi-
nant with the 0.012 inch width crack. In
plastic concrete, rust was observed in the
regions next to the crack. In semi-dry con-
crete, the bar corroded considerably with cor-
rosion products accumulating in pits around
the cracks. It was concluded that permissible
crack widths should be limited to 0.008 inch
in exposed structures and to a lesser value in
structures exposed to saline air.
Hendrickson (1 90 ) states that a 0.01 inch
crack width has been the acceptable limit for
reinforced concrete pipe during the past 30
years. It is reasonable that such a limit may
also be applicable to other exposed reinforced
concrete structures. Crack widths smaller
than 0.01 inch may often close by means of
autogenous healing and therefore present little
danger of severe corrosive attack.
The American Concrete Institute 1963
Building Code, (204) Section 1508, requires
that the average crack width at service load
at the concrete surface of the extreme tension
edge not exceed 0.015 inch for interior members
and 0.010 inch for exterior members, as de-
termined by tests on actual full-scale flex-
ural members.
Investigations of the corrosion of rein-
forcement in cracked concrete have been con-
ducted for the past 50 years. ( 12 5 ) Still no
generally accepted opinion has been established.
The diversity of the corrosion processes and
the many factors with interdependent influences
make the problem of corrosion and crack forma-
tions presumably too complicated to be solved
by the simple assumption of a limiting crack
width. The difficulty of this problem would
possibly be eliminated if it could be shown
that corrosion probability and crack width are
dependent on the same factors such as the
quality of the concrete and other conditions
governing the properties of the concrete.
This relationship can be established only by
further investigations which take into con-
sideration the governing factors. Care should
be taken not to consider crack width as being
so influencial as to divert attention from the
other significant factors.
B. CRACK WIDTHS AS GOVERNED BY AESTHETIC RE-
QUIREMENTS
In the absence of aggressive environ-
ments, the permissible crack width may be de-
termined by aesthetic considerations. Limiting
crack widths governed by the aesthetic point
of view are quite irrational and, consequently,
are not subject to specific magnitudes. A
crack width of about 0.005 inch is probably
the lower limit for observation with the naked
eye, depending on the surface texture of the
concrete. However, a crack width of such
small magnitude can be detected only by close
observation. Crack widths 2 or 3 times larger
than this limit would be difficult to see when
viewed at any appreciable distance.
Aesthetic considerations must also be
based on the type of structure, i.e., whether
industrial, commercial, or monumental. For
most industrial structures and many commercial
structures, aesthetics are of no concern. For
monumental structures, appearance is important
and the limiting crack width would be smaller.
Not much can be said about the influence
of aesthetic requirements on allowable crack
widths, and no definite limits can be set.
VII. CRACK CONTROL
A. INTRODUCTION
The full utilization of high-strength re-
inforcement in the design of reinforced con-
crete members will, in most cases, involve the
development of larger cracks under working
loads because of the higher allowable stresses.
It is possible that the permissible tensile
stress in the reinforcement may be limited by
allowable crack widths. The permissible crack
width for a given structure is based on environ-
mental conditions, loading conditions, and in
some cases on aesthetic considerations. Hav-
ing established an allowable crack width, it
is necessary to incorporate methods of control
which will insure that cracking will not ex-
ceed the allowable limits. Effective methods
of crack control basically involve measures
which will give a favorable distribution of
cracks. Good crack distribution is character-
ized by a larger number of fine cracks rather
than a small number of large cracks.
The establishment of a good criterion for
crack control is derived from a study of the
various equations relating crack width and
spacing. The results of experimental investi-
gations dealing with the variables influencing
crack development are helpful in evaluating
the effectiveness of proposed methods of crack
control. These methods, which have been devel-
oped from analytical and experimental research,
are summarized in the following section and are
discussed in the approximate order of decreas-
ing importance for each stage of cracking.
The practical application of crack control
methods to design considerations is also pre-
sented. Following this will be a brief dis-
cussion of requirements for crack control given
by the ACI Building Code, and a few of the pre-
dominant European codes of practice.
B. CRACK CONTROL METHODS
1. First Stage of Cracking
Methods of controlling the spacing and
width of primary cracks are important because
of their influence on the distribution and
width of subsequent cracks. The widths of pri-
mary cracks are usually much smaller than the
allowable width, provided the structure is not
used to retain liquids. Thus, the first stage
of crack control is mainly concerned with me-
thods of minimizing and distributing the cracks
formed by shrinkage, flexure, and corrosion.
Since primary cracks form at arbitrary lo-
cations in flexural members, it is possible
that some of these cracks will be spaced at the
maximum possible distance. Therefore, the best
control of primary cracks can probably be
achieved by attempts to eliminate, or at least
minimize, these cracks. Thus, the most im-
portant controlling factors affecting primary
cracks can probably be grouped together in a
review of the factors affecting concrete quality.
The number of primary cracks is partially
limited by the amount of shrinkage that occurs
in a specific structure. Shrinkage cracks are
controlled by properly controlling the follow-
ing factors:
(a) the use of concrete with a small a-
mount of shrinkage per unit volume,
(b) the rate of curing as controlled by
the temperature and humidity of the
environment, and
(c) the total amount of cement paste,
water-cement ratio, and the perme-
ability quality of the aggregate.
The variation of these influences and the tech-
niques that are exercised to obtain minimum
shrinkage are known to a certain degree.
Since a complete discussion of maximum control
of shrinkage would require a separate report,
the reader is referred to works of Vetter,(27)
Thomas, 
(39 ) and Billig.
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The number of shrinkage cracks is also
governed by the amount of restraint. In prac-
tice, some degree of end restraint is usually
present, particularly in monolithic frameworks.
The resistance to shrinkage cracking can be
partially controlled by imposing suitable end
conditions through special end details. The
restraint to shrinkage and temperature change
caused by the reinforcement and end restraints
will cause cracks to form according to Equations
2 through 6. Aside from the controlling fac-
tors discussed above, it is seen that the re-
maining factors affecting the width and spac-
ing of shrinkage cracks are the same as those
affecting secondary cracks. Since the aim of
primary crack control is to prevent shrinkage,
the remaining crack control parameters are
discussed in the second stage of cracking pre-
sented in Section VII C 2.
The number of cracks that are formed at
the tensile side of a flexural member can be
controlled to a certain extent by increasing
either the flexural tensile strength or the
extensibility of the concrete. The distribu-
tion of these initial cracks is completely
random, depending mostly on the arbitrary posi-
tions of planes of weakness within the member.
Since primary flexural cracks can hardly be
eliminated, Bohmer(11 8 ) suggests that they
should be distributed as evely as possible
through the use of "crack initiators". This
procedure consists of regulating the position
of the weakness planes by inserting small
slides or plates of various sizes and shapes
at regular intervals in the tension zone of
the beam. These devices have not yet been
shown to be an effective method of crack con-
trol.
Corrosion cracking control demands con-
sideration only if the environment of the struc-
ture is extremely corrosive. Precautions to
be taken for this situation involve increasing
the concrete cover and decreasing the perme-
ability of the concrete.
2. Second Stage of Cracking
The final crack pattern is determined at
the termination of the second stage of crack-
ing. Therefore, the methods used of control-
ling the spacing and width of secondary cracks
are by far the most important. The following
in approximate order of significance are the
main factors involved in the control of the
final crack pattern:
(a) reinforcement stress,
(b) the bond characteristics of rein-
forcement,
(c) the distribution of reinforcement
over the effective concrete area,
(d) the diameter of reinforcement,
(e) the percentage of reinforcement,
(f) the concrete cover over the rein-
forcement, and
(g) the material properties of the con-
crete
It is obvious that the best control of crack
pattern will be achieved by careful design of
the tension zone in such a way that maximum
utilization of each of the above factors is
made.
a. Reinforcement stress
Since the steel stress is directly pro-
portional to the maximum crack width, it is
considered the major crack control factor. To
obtain maximum utilization of high-strength re-
inforcing bars having yield strengths higher
than 60,000 psi, the steel must be stressed to
30,000 psi or higher, as allowed by the ACI
318-63 Building Code. In the design of a mem-
ber, the maximum allowable crack width may or
may not govern the maximum allowable steel
stress. The initial procedure involved in de-
termining whether or not this is the case is
to decide on the maximum allowable crack width.
The effects of repeated loading and creep
should be included in this decision to insure
that final width of the crack is smaller than
the predetermined value.
A design factor governing the ratio of
bar diameter to effective reinforcement per-
centage is obtained by substituting the proper
values of crack width and steel stress into
theoretical equations. Until a complete gen-
eral theory for crack spacing and width is dev-
eloped, it appears that either the CEB( 16 6 )
simplified equation presented in Table 1 or
Equation 20 of Kaar and Mattock 2 0 7 ) will suf-
ficeas the design equations when the maximum
allowable crack width is the governing criter-
ion.
b. Bond characteristics
Crack spacing and width are decreased by
increasing the bond strength between the re-
inforcement and concrete. The factors affect-
ing bond characteristics in general were pre-
sented in Section III D 2. The results of
studies on the bond characteristics of the re-
inforcement have established that the use of
deformed bars is a very effective crack con-
trol measure. The use of reinforcement meet-
ing the requirements of ASTM Designation A305
has been shown in practice to be quite suit-
able for most reinforced concrete structural
members. Bars of this type are used in the
United States almost to the exclusion of any
other types.
It has been pointed out that bond stress
may not be a controlling design criterion when
A305 bars are used, but that adequate anchor-
age for all bars should be provided by extend-
ing the tension steel a distance equal to the
girder depth plus an anchorage length beyond
the point at which it is no longer needed to
resist flexural stress.
(1 98 )
c. Distribution of reinforcement
Probably the most important method of con-
trolling cracks from the design viewpoint is
the distribution of the reinforcement over the
tension zone. Kaar and Mattock (2 0 7) concluded
that the best crack control is obtained when
the reinforcing bars are well distributed over
the effective concrete area which surrounds the
bars, and have the same centroid as the total
main reinforcement. This design criterion is
a modified interpretation of the effects of
the ratio of the bar diameter to the effective
reinforcement percentage, which accounts for
the reduced effect of these parameters for
American deformed bars. The effective dis-
tribution of the reinforcement affords the
maximum utilization of the concrete in the
tension zone by enabling it to sustain as much
of the tension load as is possible for a given
number bars and steel percentage. Therefore,
the maximum crack width can be decreased by
minimizing the area of concrete surrounding
each bar.
In design, the cross sectional area of a
member is usually determined by either geo-
metrical or other design considerations. Al-
though the width and depth of the beam do not
influence cracking, these dimensions are re-
quired to compute the effective concrete area.
Also, the approximate effective depth is also
required before the effective concrete area
can be estimated. Either Equations 31 or 32,
both of which yield about the same result for
rectangular cross sections, may be used in
making this estimate. Thus, to reinforce a
flexural member of given dimensions with a
given number of bars of specified diameter,
the bar arrangement and spacing can be deter-
mined as proposed by Kaar and Mattock.(
2 0 7 )
d. Diameter of reinforcement
The maximum crack width that occurs in a
member with a specified effective area and
steel percentage can be decreased by decreas-
ing the diameter of the reinforcing bars. The
amount of decrease in crack width is essen-
tially proportional to the bar diameter for
plain and older types of deformed bars, but
is less dependent on bar diameter for modern
American deformed bars. 200) The effect pro-
duced by a decrease in bar diameter for a
given steel percentage is an increase in the
surface area through which the steel stresses
are transferred to the concrete. Therefore,
the use of a large number of reinforcing bars
of small diameter will allow the tensile stress
in the concrete to approach a more uniform
distribution. The main limitation on the use
of small-diameter bars is due to economic and
fabrication considerations.
A further advantage of using a large num-
ber of closely-spaced bars of small diameter
is due to the crack arrest properties afforded
by this method. Results of studies by Romualdi
and Batson 2 1 1 ) indicate that beams with closely
spaced wires are relatively crack resistant, and
have increased strength and crack controlling
properties. Romualdi has also suggested that
wire segments which are cast with the cement
mix will aid in the control of cracks. The
aim of this procedure would be to inhibit the
number of cracks rather than to distribute them.
e. Steel percentage
If the bar diameter and effective concrete
area is kept constant, an increase in the per-
centage of reinforcement will decrease the
spacing and width of cracks. Of course, as
the steel percentage is increased, it should
be properly distributed over the tension zone
as previously discussed. Thus, the steel per-
centage is not as important as the effective
steel percentage, which is inversely propor-
tional to the effective concrete area rather
than the total cross sectional area.
Usually, the percentage of reinforcement
is determined by design considerations of the
expected loading. An over-reinforced beam
does not make efficient use of the tensile
capacity of the reinforcement. This situation
causes a lack of ductility in the beam and al-
lows failure to occur in a brittle manner with
little warning from increased crack widths or
deflection. In ultimate-strength design a
condition of balanced reinforcement is sought
so that the strain at yield in the reinforce-
ment will occur simultaneously with the maxi-
mum concrete strain.
An additional method of controlling crack
size is through the use of so-called "crack
controlling reinforcement" or face steel. The
use of such reinforcement supposedly has econ-
omic advantages. 147) This additional rein-
forcement is to be smaller than the main rein-
forcement and placed closest to the sections
where the cracks are expected to occur. Garven
(129) conducted tests on prestressed beams with
additional reinforcing bars which indicated
that crack widths can be reduced by one-half.
Tests by Shearcroft 14 7 ) on reinforced con-
crete beams indicate the advantage of using
crack-controlling reinforcement. Also, tests
conducted at the Portland Cement Association
Laboratories have confirmed the effectiveness
of face steel for controlling cracks in the
web of Tee girders.i
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f. Concrete cover
The maximum crack width is generally small-
est at the reinforcement and increases with dis-
tance through the concrete cover surrounding
the reinforcement. Therefore, increasing the
concrete cover will cause an increase in the
maximum crack width that occurs at the exter-
ior surface of the member. Clark(10 3 ) found
that crack width at the face of a beam in-
creases linearly with the distance between
the steel centroid and tensile face. Hognes-
tad (200) found that the crack width at the
steel level on the beam sides increases some-
what with side cover.
The minimum amount of concrete cover that
is usually specified by building codes should
be utilized unless the environment is very
corrosive. Otherwise, the problems associated
with concrete cover can mostly be resolved by
applying the above criterion for distributing
the reinforcement over the tension zone of the
member.
g. Material properties of concrete
The material properties of concrete do
not strongly influence the maximum crack width
that is likely to occur. This disconnection
is apparently due to the fact that the other
parameters affecting crack widths are related
in such a way that the strength properties of
the concrete are cancelled. It is difficult
to state whether it is more advantageous to
use a concrete with a high extensibility capa-
city or a higher tensile strength. Each of
these material properties theoretically af-
fects crack width by its influence on the ef-
fective concrete area, bond characteristics,
position of the neutral axis, and modular
ratio. Probably the important concrete pro-
perties in crack control are the shrinkage and
creep characteristics. Factors affecting
these properties are discussed in the sections
on first and third stages of crack control.
3. Third Stage of Crack Control
The third stage of crack control deals
with methods of minimizing the increase in
crack width that results from increased steel
stress, creep effects, and the effects of re-
peated loading. The methods used involve the
improvement of the material properties that
influence these effects.
Repeated loads cause the maximum crack
width to increase through the breakdown of the
bond between the concrete and reinforcement.
It has been observed experimentally
(5 6
, 130)
that increasing the bond characteristics de-
creases the effects of repeated loads. There-
fore, the use of deformed bars is the most ef-
fective measure for controlling these effects.
Most of the increase in crack width is due to
creep of the concrete. This factor may be
minimized by varying the total amount of cem-
ent paste, water-cement ratio, and the perme-
ability quality of the aggregate in the same
manner as is used to minimize shrinkage effects
C. REQUIREMENTS GIVEN BY VARIOUS CODES OF
PRACTICE
The various building code specifications
used in Europe and the United States have
established design requirements which serve to
control excessive development of cracks. These
requirements are applied to certain properties
of the concrete structure such as the amount
of cover, distribution of the reinforcement in
the tension zone, bar diameter, effective per-
centage of reinforcement, etc. Crack width is
essentially proportional to the stress in the
tension reinforcement, and most codes establish
limits on the maximum steel tensile stress.
Requirements should also be given for the other
factors which affect crack development to in-
sure that excessive cracking does not occur.
It is not desirable, however, to consider all
these factors in a design specification. It
is necessary to determine which of the factors
influencing crack control are most effective,
and then establish code requirements accord-
ingly.
1. 1963 ACI Building Code Requirements
These specifications suggest that deformed
bars should be used and that the tension rein-
forcement should be well distributed in zones
of maximum tension. The Code further requires
that the design yield strength for the tension
reinforcement shall not exceed 60,000 psi, un-
less it is shown by full scale tests that the
average crack width, at service loads, at the
concrete surface of the extreme tension edge
does not exceed 0.015 inch for interior mem-
bers and 0.010 inch for exterior members. In
any case, designs shall not be based on a yield
strength in excess of 75,000 psi.
In Section 808, the Code requires that if
the concrete surfaces are to be exposed to the
weather or in contact with the ground, the rein-
forcement shall be covered with not less than 2
inches of concrete for bars larger than # 5 and
14 inches for #5 bars or smaller. The cover for
reinforcement at surfaces not exposed directly
to the ground or weather shall be not less than
3/4 inch for slabs, and not less than 14 inches
for beams and columns. In extremely corrosive
atmospheres or other severe exposures, the amount
of cover shall be suitably increased. It should
be noted here, also, that these requirements ap-
ply to the durability of the member and are not
necessarily measures of crack control.
2. Recommendations of the Comite European du
Beton for Structural Concrete (1963)
These recommendations state that for struc-
tures in aggressive atmospheres or for struc-
tures where watertightness is to be insured,
special precautions are to be utilized. The
limiting crack widths are given as follows:
For interior members in normal environments,
0.012 inch; for interior members in humid or
aggressive atmospheres and exterior members ex-
posed to intemperate climates, 0.008 inch; and
for interior and exterior members exposed to
particularly aggressive environments or in order
to insure water tightness, 0.004 inch.
The CEB recommendations give rules for
limiting bar diameter at a given per cent re-
inforcement, a standard which has been pointed
out earlier to be an effective requirement
for crack control. The recommendations state
that for unprotected structures, the maximum
permissible bar diameter of longitudinal re-
inforcement for rectangular beams and T-beams
with normal reinforcement percentage and ar-
rangement shall not exceed the value given by
Figure 18, provided the product of the ulti-
mate design coefficients (ya and y ) is
y ays = 1.15 x 1.40 = 1.61
where y = coefficient of minimization for
steel in tension and taken as 1.15
for failure criterion
and ys = safety coefficient used in the
calculation of steel stress.
In Figure 18, the symbol aak refers to
the strength characteristics of the steel re-
inforcement and is defined in European prac-
tice as the design yield strength or propor-
tional limit based on a 0.2 per cent offset
for high-strength steel.
It is interesting to note that the design
chart shown in Figure 18 extends up to a yield
stress of about 85,000 psi. This value is
considerably higher than the maximum design
yield stress of 75,000 psi allowed by the 1963
ACI Building Code. However, one cannot deduce
from this design chart or the accompanying
material that 85,000 psi is the maximum allow-
able yield stress given by the CEB. The CEB
design chart provides a more adequate proced-
ure for design with high-strength reinforce-
ment than the revised ACI Code.
The CEB recommendations give specific re-
quirements on the distribution of tensile re-
inforcement in structural concrete to control
excessive crack development. These require-
ments are given as follows:
(a) In beams with rectangular cross sec-
tions and T-beams which have a width
greater than about 3 inches at the
level of the reinforcement, there
should be provided at least 2 bars
placed near the extreme tension edges.
(b) If the height of the web exceeds the
value 0.79(80 - ak ) expressed in
1420
inches (where aak represents the
yield strength of the reinforcement,
which ranges from 57,000 psi to
85,000 psi depending on bar diameters
and per cent of reinforcement), then
longitudinal reinforcement should be
provided along each face of the web
and should have the same yield
strength as the main reinforcement.
This additional reinforcement should
have a percentage of about 0.05 and
should be placed at a spacing no
greater than about 8 inches.
(c) In cases where slabs on T-beams are
under tension, it is recommended that
the main reinforcement be distributed
not only over the web of the beam,
but also in a suitable manner in the
slab on both sides of the web.
(d) In slabs reinforced in one or two di-
rections and with thicknesses less
than 12 inches the spacing of the
main reinforcement should not exceed
8 inches.
(e) In the case of welded wire fabric,
the largest spacing of the mesh (sl)
should not exceed three times the
smallest (se), and also the value
S1 + s2 should be no greater than
2
about 6 inches.
3. British Standard Code of Practice
The permissible tensile stresses given in
this specification are given to avoid undesir-
able cracking. The maximum tensile stress in
deformed bars should not exceed one-half the
yield or proof stress or 33,000 psi, whichever
is less. In slabs the limit is increased to
37,000 psi. For "cold twisted" bars, the maxi-
mum tensile stress should not exceed 27,000 psi,
or in slabs, 30,000 psi. The longitudinal re-
inforcement should have a concrete cover of
not less than 1 inch for beams or not less
than ½ inch for slabs.
VIII. CONCLUSIONS
A. PRESENT STATE OF KNOWLEDGE
It was the purpose of this survey to re-
view the present state of knowledge on the
causes and control of cracking in reinforced
concrete members, and to suggest possible ap-
proaches for the maximum utilization of high-
strength steel bars in reinforced concrete mem-
bers. The following is a summary of the most
important aspects on which there is general
agreement among investigators. Also included
in this summary are opinions and suggestions
on certain concepts which have not necessarily
been established, but which appear to be the
most satisfactory at the present time.
1. During the first stage of cracking,
primary cracks form at completely ar-
bitrary locations. There are no satis-
factory methods at the present time to
insure that cracks will not be spaced
at the maximum possible distance.
Variation in the measured values of
crack spacing and width can be expected
to range between - 50 per cent.
2. Average-strength reinforcement may
yield from the formation of shrinkage
cracks in members with restrained
ends. Although shrinkage increases
the maximum bond capacity, these ef-
fects should be minimized for best
crack control. Further experimental
research is necessary before shrinkage
cracks can be eliminated. Corrosion
cracking demands consideration only if
the environment is extremely corrosive.
3. The axially-loaded member provides a
satisfactory model for analysis of
the tensile portion of a beam between
two existing cracks. This model is
adequate for evaluating the bond con-
stants which appear in the general
theories predicting maximum crack
width. Such an evaluation of the bond
constants for various bar types and
curing conditions has not yet been
accomplished.
4. No complete general theory for pre-
dicting the maximum crack width in
axially-loaded or flexural members
has been developed. The general
theories proposed by Watstein and
Parsons (5 3 ) and the CEB 1 66 ) approach
this goal in that the major factors
affecting crack spacing and width are
indicated. However, both theories
contain erroneous assumptions and
arbitrary constants which have not
been experimentally evaluated.
5. The bond stress distribution and the
maximum value of the bond stress be-
tween existing cracks are unknown.
However, it appears unnecessary to
have an accurate knowledge of these
variables since they can be represented
by constants which can easily be evalu-
ated by means of the axially-loaded
model. Further attempts to correlate
pull-out tests to bond conditions in
beams appear to be futile.
6. It cannot be fairly stated that any
particular equation for calculating
maximum crack width is more adequate
than another. Any of the proposed
simplified equations will be valid for
a particular beam design and loading
range. Although simplified equations
are desirable for design purposes, an
accurate complete general equation is
still needed for determining the most
effective methods of crack control.
7. Little information has been published
on the effects of repeated loads and
creep due to sustained loads. Even
though the existing experimental re-
sults are insufficient, the increase
in crack width that results from these
effects should be estimated and in-
cluded in design considerations.
8. There is a need for researchers in the
field to define and describe the vari-
ables which are measured in cracking
tests. It would also be useful if all
investigators in this field would de-
termine the values of the same experi-
mental constants related to crack
widths, or at least relate their indi-
vidual constants to those of other in-
vestigators.
9. Crack widths are smaller at the rein-
forcement than at the exterior surface,
depending upon the amount of concrete
cover. Many investigators are of the
opinion that the risk of corrosion
should be judged by the crack width at
the reinforcement.
10. In Table 4 are listed recommendations
on the permissible crack widths. The
various sources of information from
which thfs table was compiled usually
give a permissible crack width corres-
ponding to various environmental condi-
tions. Averages of the values listed
in Table 4 are given as follows:
Interior members 0.014 inch
Exterior members
under normal ex-
posure conditions 0.010 inch
Exterior members
exposed to particu-
larly aggressive
environments 0.006 inch
Many of the investigators who have
studied this problem have stated that
the width of the crack is not as sig-
nificant from the standpoint of cor-
rosion as other factors such as depth
of cover, quality of the concrete,
etc., and that it is important not to
disregard these other factors by plac-
ing too much importance on crack width.
11. Despite the lack of knowledge concern-
ing the significance of certain crack-
ing parameters, there are some definite
methods that can be utilized to control
cracks in members reinforced with high-
strength bars. Probably the most ef-
fective design procedures for crack
control are the use of deformed bars
that are properly distributed, and
the use of additional face steel.
12. The influences of the various para-
meters affecting cracking are gener-
ally agreed upon by most investigators.
In particular, the proportionality be-
tween crack width and steel stress,
the attainment of the minimum crack
spacing by a steel stress of 30,000
psi, and the independence of crack
width from concrete strength proper-
ties appear to be almost universally
recognized. The magnitude and signifi-
cance of the parameters which are still
controversial are discussed in the fol-
lowing section.
B. UNSETTLED ISSUES
There are several issues relating to the
causes and control of cracks in reinforced
concrete which are still undecided. Also,
there is considerable disagreement among in-
vestigators concerning the significance of
practically every phase of this problem. There
is a definite need for additional theoretical
and experimental research on the development
of a general theory predicting all phases of
cracking. The following issues are probably
the most important for extending the basic
knowledge of cracking phenomena and for dis-
covering better methods of crack control.
1. More information is needed on the state
of stress in a member prior to the
second stage of cracking. Existing
theories for maximum crack width com-
pletely disregard this matter without
even attempting an estimate of the er-
ror that is introduced.
2. The significance of the effects of
bar diameter and effective reinforce-
ment percentage appear to vary with
different bar types. Modern deformed
bars are apparently less dependent
upon these parameters than the older
bar types which are no longer available
from domestic producers. This experi-
mental observation is not in accordance
with the existing theories. There is
also controversy over whether or not
crack spacing is a valid indication of
the expected crack width, as is assumed
in the theory.
3. Probably the most important knowledge
that is lacking is the scientific
principle for determining the effective
concrete area. Present procedures of
evaluating this parameter are based on
experimental concepts and not on theo-
retical considerations. Since the ef-
fective concrete area is perhaps the
most important parameter governing
the main design criterion for crack
control, it should be the subject of
concentrated study for proper evalua-
tion.
4. The recent concepts proposed by Odman
(201) need experimental verification.
This new approach for analyzing the
axially-loaded model also appears to
be the most satisfactory method of
evaluating the bond constants. Such
an evaluation should be conducted in
one continuous series of carefully
controlled tests. The significance
of most of the other variables af-
fecting crack widths could also be
easily investigated in the same study.
5. Additional knowledge of the effects
of repeated loads and creep on the
final maximum crack width is required.
6. The disagreement between requirements
for crack control given by the various
codes of practice indicates the lack
of complete understanding of this
particular problem. The 1963 CEB
Recommendations, for example, give a
maximum allowable tension reinforce-
ment stress which is more than 1.3
times that allowed by the 1963 ACI
Building Code. A comparison of the
two codes also indicates that the CEB
is much more specific on crack control
requirements than the ACI Code. Maxi-
mum allowable tensile stresses in the
CEB are based on type of reinforce-
ment bar, bar diameter, and per cent
of reinforcement. Definite require-
ments on reinforcement distribution
and bar spacing is also given in the
CEB Recommendations. Additionally
the permissible crack widths listed in
the CEB are more inclusive than values
given in the ACI Code.
From this comparison, then, it is sug-
gested that future revisions of the 1963 ACI
Code should include more specific requirements
on crack control. No definite revisions can
be given, however, until further experimental
and analytical investigations have been con-
ducted in this field.
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